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Accurate determination of the surface enhanced Raman scattering (SERS)
enhancement factor (EF) is critically important for a fundamental understanding of the
SERS phenomenon. Experimental quantification of SERS EFs is challenging. A series of
instrument-, analyte-, and SERS-substrate related issues can affect the SERS intensity
and thus compromise the reliability of the measured SERS EFs. This dissertation presents
a series of computational and experimental studies that enhance the quantitative
understanding of the SERS signal variation and identify ways to enhance the reliability of
the SERS EF determination.
Chapter I presents an overview of works described in this dissertation. The gold
nanoparticle (AuNP) inner filter effect on SERS measurements is demonstrated in
Chapter II. Using dithiopurine and ethanol as model analytes, we demonstrate that the
nanoparticle will modify the analytes’ Raman signal through two competitive
mechanisms: enhancing the Raman signal of the analyte on the nanoparticle surface
through electromagnetic enhancement, and attenuating the analyte Raman signal through

photon extinction. The significance of the AuNP inner filter effect is quantitatively
evaluated using ethanol as the internal reference.
A solvent internal reference method is presented in Chapter III for quantifying the
SERS EFs of analytes adsorbed onto AuNPs and AgNPs. One of the key findings is that
while an analyte’s SERS EF varies significantly as a function of nanoparticle
aggregation, its peak SERS EF depends only on the types and sizes of nanoparticles, but
not on experimental conditions including concentrations of analyte, nanoparticle, and
aggregation reagent.
Chapter IV presents a SERS internal reference method for the determination of
the resonance Raman EFs in the SERS study of rhodamine 6G (R6G) adsorbed onto
AuNPs and AgNPs. The most striking finding is that the AgNP binding reduces, instead
of enhancing, the R6G resonance enhancement.
Finally, the wavelength-dependent correlation between UV-vis intensities and
SERS EFs of aggregated AuNPs and AgNPs were investigated under three fixed
excitation wavelengths (532, 632, and 785 nm). The nanoparticle UV-vis intensity is an
excellent indicator for identifying the optimal aggregation state for AgNP-based SERS
acquisitions under each of the three excitation wavelengths and for the AuNP-based
SERS under a 632 nm excitation.
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CHAPTER I
INTRODUCTION

Surface enhanced Raman scattering (SERS) has been around for almost 40
years.1-2 Yet, compared to other fields of research where progress is steady and the
community discards wrong interpretations over time and moves on, a considerable
amount of SERS’s lifetime has spent arguing about the very basic aspects of SERS. The
SERS effect was discovered in 1974 by the late Martin Fleischmann and coworkers.3 The
group discovered an anomalously large enhancement of the Raman spectrum of pyridine
in the presence of a roughened silver electrode. The enhancement was initially attributed
to greater than expected surface area, but subsequent reports by Jeanmaire and Van
Duyne4 and Albrecht and Creighton5 showed that the anomalous intensity could not be
accounted for by increased surface area, and was in fact a new phenomenon, giving rise
to the idea of the SERS cross-section.
Since then SERS has been extended to other metals (gold and copper)6 and SERS,
along with the closely related field of plasmonics, has flourished. Much of the
momentum behind research in SERS is its great potential for applications. The
enhancement in signal provided by the metal resolves the problem of the intrinsic
inefficiency of the Raman process, and thus brings above the noise the rich spectral
information available from vibrational spectroscopy. The combination of ultra high
sensitivity and structural information make it an ideal detection platform for chemical
1

sensing applications. An additional benefit of SERS is that fluorescence is quenched for
molecules close to the surface, owing to the additional relaxation pathway available
through transfer of energy to the metal surface. SERS is one of the most important
spectroscopic techniques inherently originated from the localized surface plasmon
resonance (LSPR) of noble metal nanostructures and nanoparticles (NPs) that include
gold and silver nanoparticles (AuNPs and AgNPs).7-9 AuNPs and AgNPs have been the
most promising SERS substrates due to ease of preparation and the high enhancement
they provide.10-12 The general procedure for synthesizing these colloids is that a solution
of the appropriate Au or Ag salt is chemically reduced (with citrate, ascorbic acid, or
sodium borohydride) in aqueous solution to produce colloidal suspensions of particles
which are typically in the nm range.13
Localized surface plasmon resonance
AuNPs and AgNPs have extraordinary optical properties that have been widely
researched.14-16 They exhibit unique extinction spectra which arise from their localized
surface plasmon resonance (LSPR),17-18 an optical phenomenon not observed in bulk
material.19-20 This extinction is caused when the electromagnetic field excites collective
oscillation of the conduction electrons of NPs.21 This phenomenon is called LSPR. Figure
1.1 shows the schematic illustration of surface plasmon oscillation for a sphere. The most
conventional way to demonstrate the plasmonic properties of metal NPs is to measure
their extinction spectrum using a UV-vis spectrometer. Metal NPs show strong both
absorption and scattering at their LSPR frequencies, resulting in strong peak(s) in their
extinction spectrum.
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Figure 1.1

Schematic representation of plasmon oscillation for a metal sphere, where
the displacement of the conduction electron cloud is relative to the nuclei,
reproduced from Ref. 22.

LSPR of plasmonic NPs are highly sensitive to the material, size, shape, dielectric
properties, and aggregation state of the NPs.15, 22 LSPR increases as the NP size (from 10
to 100 nm) increases, because of an increase in the NP extinction coefficient.22 Mie
theory can explain the NP size dependency of the LSPR (equation 1.1)23-24

Cλ =

3/2

24ε2 R3 εout
λ

�(ε

ε2

2
2
1 +2εout ) +ε2

�

(1.1)

where Cλ is the extinction cross section for the NP, R is the radius of the NP, λ is the
wavelength of the electromagnetic wave, εout is the complex dielectric function of the
metal particle embedded in the surrounding matrix, and ε1 and ε2 are the real and
imaginary parts of the dielectric constant of material. LSPR results in enhanced local
electromagnetic fields at close proximity to the NP surface that account for the strong
signals observed in SERS. As the plasmonic NPs come closer (aggregation of NPs), the
electric field generated increases due to plasmonic coupling between neighboring NPs.
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The origin of the SERS enhancement
While SERS has become a large and extremely active field of enquiry, the
mechanisms behind SERS still remain a matter of controversy. Two mechanisms, a longrange electromagnetic effect (EM) and a short-range chemical effect (CM), are
extensively mentioned in the literature. The electromagnetic enhancement is postulated to
play the greater role while the chemical effect is postulated to play a role for some
analytes that are chemisorbed to the surface and form a complex with the surface metal
atoms.
Electromagnetic enhancement
The electromagnetic (EM) enhancement can be viewed as essentially a
redistribution of the electromagnetic field around the SERS substrate, resulting in
strongly localized regions of high field intensities, so called hot-spots, for example, in the
gap of closely spaced NPs, at the tip of elongated NPs, or in general at sharp tips, corners,
or edges.2 The EM effect is the main contributor to SERS enhancement (typically on the
order of 106) and the effect is mediated through resonance of light with the surface
plasmons of the metal, with the enhancement falling off with distance from the
substrate.25-28 At certain frequencies of incident light these electrons become highly
polarizable, giving rise to large EM fields.
The electric field induced at the surface of a small spherical metal particle is
correlated to the electric field of incident radiation (Eo) denoted by the following
equation:29
Einduced = �

ε1 (ω)−ε2

ε1 (ω)+2ε2

4

� E0

(1.2)

where ε1(ω) is the frequency dependent dielectric function of metal and ε2 is the relative
permittivity of the ambient phase. It is well-established that for high EM enhancement the
NPs have to be brought into close vicinity with each other. Theoretical work indicates
that the smaller the interparticle distance, the higher the EM enhancement integrated over
the entire NP surfaces. Reducing the interparticle distance increases the Raman intensity
of analytes at the interparticle gap since they experience the enhanced electric field
exceeding that of the isolated NP by several orders of magnitude.30-32 In NP based SERS
studies, a small interparticle gap is commonly accomplished through NP assembly by
inducing aggregation, which is accomplished through addition of electrolytes including
KCl and NaCl,33 drop drying the NP colloidal solutions, or analyte adsorption.34-37
Excitation wavelength dependence in SERS
SERS acquisition relies on the collection of the inelastically scattered part of the
incident monochromatic excitation. This inelastic scattering effect is extremely
inefficient; therefore, excitation of the sample requires the use of intense light sources
such as lasers. Common excitation sources include radiation from the ultra-violet (UV) to
near-infrared (NIR), and several lines can be selected in the same dispersive Raman
system. The selection of a laser source depends strictly on the application. For example,
visible lines (488, 514, 532, and 633 nm) are general purpose, and NIR lines (785 and
830 nm) find a place in general, biological, and medical fields, especially for samples
with native fluorescence in the visible region and those that photo degrade easily.21 As
the laser wavelength gets shorter, the Raman scattering efficiency increases, but the risk
of sample damage and the cost of the spectrometer increases.
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The EM enhancement mechanism for SERS requires that the incident photon
excites plasmons within the enhancing medium, so there is an implicit requirement that
the laser excitation wavelength needs to be chosen to match the enhancing medium. For
example, citrate reduced colloidal AgNPs typically display peak UV-vis absorbance
around 412 nm but are most often used with lasers lying in the 488-785 nm range. This is
because the UV-vis absorption spectrum of AgNPs is significantly altered during
aggregation, broadening to the red end of the spectrum. However, we cannot simply use
the absorption spectrum as an accurate indicator of the SERS enhancement of a given
substrate at a given wavelength, because the Raman effect involves enhancement of both
the incident and radiative photons (at different energies), as a result the final
enhancement depends on the convolution of these individual enhancements.
Chemical enhancement
The other mechanism that yields enhancement and is complementary to the
electromagnetic enhancement is the so-called chemical (CM) mechanism.38-40 Compared
to EM enhancement, CM enhancement is much less well understood. The CM
mechanism can be considered as a combined effect of three mechanisms: 1) charge
transfer (CT) mechanism due to resonance of the incident beam with an excitation from
the metal to the adsorbate, 2) molecular resonance mechanism (resonance) where the
incident beam is resonant with a molecular excitation, and 3) an enhancement due to nonresonant interactions between the surface and the adsorbate.41 To isolate the CM
enhancement, SERS has been studied for adsorbates on smooth surfaces, which are
known to be unable to support strong surface plasmons. These studies showed only small
(typically on the order of 102) enhancements.38-40 It is important to realize that the EM
6

and CM mechanisms are not independent of each other, but rather both of the
mechanisms will work in concert to give the total enhancement depending on the
wavelength used in the experiment and the specific adsorbate and the metal.
The SERS enhancement factor
By far, the most important aspect of the SERS effect is the enhancement factor
(EF). In its simplest expression, the EF is a value that compares the increased intensity in
signal obtained under SERS conditions to that under normal Raman (NR) conditions
(non-SERS) as shown in equation 1.3

𝐸𝐹 =

INP /NNP

INR /NNR

(1.3)

where INP and INR are the Raman signal of an analyte with and without SERS active NPs
or other SERS substrates, NNP is the average number of adsorbed molecules in the
scattering volume for the SERS experiments, and NNR is the average number of
molecules in the scattering volume for the NR measurement. This is the general EF
definition that has been used by most authors in the past25, 42-43 and is normally taken as
representative of a substrate. However, this definition presents difficulties in terms of
experiment, in particular, because of the difficulty in determining the number of
molecules that directly contribute to the SERS intensity. Generally, only rough estimates
are made assuming monolayer coverage and maximum packing densities based on the
molecular size. The SERS EF can be large enough to allow, in many cases, the
observation of single molecules,44 an interesting subfield of SERS in its own right. The
enormous magnitude of the enhancement in SERS puzzled researchers’ right from its
7

discovery. Since that time, the reported SERS cross-sections and EFs have been difficult
to pin down.45 The myth of SERS EFs as large as 1014, which originates in the pioneering
single molecule SERS studies44, 46 from an incorrect normalization of the SERS intensity
with respect to non-resonant Raman signal,47-48 has long been an impediment to progress
in the field. It has created innumerable problems for theorists who tried for a long time to
justify it from EM calculations, and frustration for experimentalists whose estimates of
the SERS EF fell short by factors on the order of ~104-106. The reliable determination of
EFs in different types of SERS active media, therefore, remains a longstanding ambition
in the field of SERS.
Quantitative understanding of SERS
Generally, SERS is more often associated with qualitative than with quantitative
analysis. In principle, however, quantification seems to be quite straightforward since the
absolute intensity of an analyte band is linearly proportional to the analyte concentration.
However, accurate quantitative analysis with SERS remains a challenge because of the
variation in instrumental factors including, laser excitation efficiency, photo-collect
efficiency, and the quantum yield of the CCD detector, as well as spectral acquisition
conditions such as excitation wavelength, laser power, and integration time that make it
difficult to reproduce absolute intensity of signals, even from the same sample.
Furthermore, there are difficulties associated with the production of reproducible SERS
active substrates, complex characteristics of the SERS substrates, strong dependence of
the SERS enhancement on the distance between the analyte and the SERS substrate,49
and variation of SERS enhancement with the surface coverage of the analyte on the
substrate.49-50 Apart from these factors, the NP inner filter effect, light intensity
8

attenuation caused by the light absorption and/or scattering of the sample, can also induce
significant variation of the analyte Raman signal in plasmonic NP containing solutions.
Correcting for such variations is most often accomplished using either an internal or
external reference to calibrate the correlation between the optical signal and the
concentration for the analyte of interest. For an internal reference to be effective, all the
SERS intensity variation introduced by anything other than sample concentration must be
compensated for by the internal SERS intensity standard. Furthermore, to be able to
differentiate and quantify the spectral contribution for the analyte and its internal
reference, their SERS spectral features have to be sufficiently different to facilitate
independent measurement of their SERS intensities in a mixture.
Here we describe a common internal reference method for quantitative
determination of SERS and resonance Raman (RR) EFs of different model analytes
including dithiopurine (DTP), mercaptobenzimidazole (MBI), adenine, and rhodamine
6G (R6G) (Figure 1.2). They were chosen for the following reasons. First, MBI and DTP
are heterocyclic organothiols that can be completely adsorbed onto the AuNPs and
AgNPs surfaces through covalent S-Au and S-Ag bonding. Second, MBI and DTP are
commonly used in NP-based SERS studies51-52 and they are highly stable in aqueous
solution. Third, R6G is one of the most commonly used model molecules in SERS.1, 42, 44,
53-55

Single-molecule resonance SERS sensitivity of R6G has long been demonstrated.44,

54, 56

However, the exact origin of R6G’s ultrahigh SERS activity and the realistic

magnitude of its SERS enhancement factor remain controversial. Fourth, like R6G,
adenine is a widely used model molecule in SERS studies.57-58 Single-molecule adenine

9

SERS was also claimed in the literature,57-58 but head-to-head comparison of adenine and
R6G NR or SERS activities has not been reported.

Figure 1.2

Model analytes used in this study.

Dissertation objective
This dissertation covers a body of work centered on the accurate quantification of
the SERS EFs, a critical parameter in describing the SERS effect for theory and
application alike. The key objectives of this investigation are (a) systematic investigation
of the AuNP inner filter effect in SERS measurements, (b) evaluation of the peak SERS
EF as a function of the experimental parameters, including the NP and analyte
concentrations, and the type and concentration of the electrolytic aggregation agents, (c)
comparison of the SERS EF of MBI adsorbed onto NPs of different types (AgNPs and
AuNPs) and sizes (30 and 50 nm in diameter), (d) explore the significance of the CM
enhancement, (e) study the effect of plasmonic NPs on RR enhancement of molecules
adsorbed onto the NP surface, and (f) study the wavelength dependent correlation
between UV-vis intensities and SERS EFs of aggregated AgNPs and AuNPs.
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This dissertation is composed of five related chapters. Chapter I of this
dissertation begins by outlining the theory necessary to understand the work that follows
along with some SERS history, including the current state-of-knowledge of the subjects
allied to the dissertation. Chapter II describes the first step in accurate quantification of
the SERS EF, namely, a systematic investigation of the AuNP inner filter effect in SERS
measurements. This work provides critical insights regarding SERS signal variation and
offers a simple methodology for reliable determination of SERS EFs. Chapter III extends
the work to determination of SERS EFs of MBI, a model organothiol adsorbed onto
AuNPs and AgNPs using a combination of time-resolved Raman spectroscopy and
solvent internal reference method. The key focus of Chapter IV is to study the effect of
analyte/NP binding on the analyte's RR enhancement. The RR EFs of R6G in water and
on AuNPs and AgNPs were determined using a double ratiometric method where adenine
is used as the internal reference. The double ratiometric method reported in this work
represents a significant technique development in Raman and SERS. The final chapter,
Chapter V, discusses the wavelength-dependent correlations between UV-vis intensities
and SERS EFs of aggregated AuNPs and AgNPs. The techniques and insight derived
from this work should be important for developing sensitive and reproducible colloidalNP-based SERS applications.

11

CHAPTER II
INNER FILTER EFFECT ON SURFACE ENHANCED RAMAN
SPECTROSCOPIC MEASUREMENT

(Published in Anal. Chem. 2012; 84: 8437-8441)

Abstract
Presented herein is a combined experimental and computational study of the gold
nanoparticle (AuNP) inner filter effect on surface enhanced Raman spectroscopic (SERS)
measurements. Using a bianalyte strategy in which dithiopurine (DTP) and ethanol
(EtOH) were employed as the model analytes, we demonstrated that AuNPs enhance
DTP’s Raman signal but attenuate ethanol’s Raman intensity. Combined time-resolved
UV–vis and Raman measurements showed that AuNP aggregation has significant and an
exactly opposite impact on the AuNP inner filter effect and SERS enhancement. This
research provides critical new insights regarding SERS signal variation and offers a
simple methodology for reliable determination of the SERS enhancement factors.
Introduction
Gold and silver nanoparticles (AuNPs and AgNPs) have been the most popular
surface enhanced Raman spectroscopic (SERS) substrates due to simple sample
preparation and ease of measurements.10-12 Numerous theoretical and experimental
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investigations have been dedicated to understanding the SERS phenomena.59-64 While the
origin of the SERS signal enhancement is widely accepted as a combined effect of
electromagnetic enhancement and chemical enhancement,65-70 the exact causes for the
large SERS signal variation found in colloidal nanoparticle (NP) based SERS spectral
acquisition remains unclear. Reported herein is our finding that the nanoparticle inner
filter effect can induce significant variation of the Raman signal in plasmonic NP
containing solutions.
Inner filter effect refers to light intensity attenuation caused by the light
absorption and/or scattering of the sample. This effect is ubiquitous in fluorescence
spectroscopy71-79 since the excitation light has to be absorbed by the analytes in order for
them to fluoresce. The impact of the inner filter effect on Raman spectroscopy has also
been demonstrated for resonance Raman80-81 and for normal Raman of samples with high
turbidity.82 In most of the normal (nonresonance) Raman measurements, however, the
inner filter effect is negligible because the excitation laser wavelengths are often
intentionally kept away from the analyte electronic transition wavelength to avoid
photo/thermal damage resulting from light absorption.
In SERS measurement, however, the NP inner filter effect should be omnipresent
because incident Raman excitation light has to be absorbed by NPs in order to generate
the NP localized surface plasmonic resonance (LSPR) needed for SERS enhancement.
While the NP LSPR produces an enhanced electrical field close to (within ~10 nm) the
NP surfaces, leading to enhanced Raman scattering for molecules located in this region,
the absorption of Raman excitation photons by the NPs reduces the overall excitation
light intensity. This can lead to a net reduction of the Raman signal from molecules away
13

from the immediate AuNP surfaces and to the reduction of the SERS enhancement for
molecules on the AuNPs. The same argument applies to the Raman photon intensity of
the analytes on the immediate NP surface and the Raman photon intensity of the analytes
away from the AuNP surfaces; i.e, the LSPR of NPs enhances the Raman photon
intensity of analytes on the immediate surface but attenuates the Raman signal for
analytes away from the immediate NP surface. Therefore, the net effect of plasmonic NPs
on the Raman signal of an analyte depends on the proximity between the analyte and the
NPs.
Reported in this work is a systematic investigation of the AuNP inner filter effect
in SERS measurement. The combined effect of AuNP inner filter effect and SERS
enhancement is demonstrated using a bianalyte approach where dithiopurine (DTP) and
ethanol (EtOH) were used as the model analytes, while the AuNP inner filter effect is
studied by monitoring ethanol’s Raman intensity as a function of AuNP concentrations.
These two analytes were chosen for their vastly different SERS activities and binding
affinities to AuNPs. DTP, a heterocyclic organothiol, can be completely adsorbed onto
the AuNP surface through covalent S–Au bonding. As a result, the presence of AuNPs
affects DTP’s Raman signal through a combination of AuNP inner filter effect and SERS
enhancement effect. However, as a saturated aliphatic alcohol, ethanol is unlikely to have
sufficient affinity to AuNPs to displace citrate or other surface adsorbates present on the
as-synthesized AuNPs. Consequently, the AuNP inner filter effect is expected to be the
dominant effect on the ethanol Raman signal.
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Experimental section
Chemicals and equipment
All chemicals were obtained from Sigma Aldrich. Nanopure water (18.2 MΩ cm)
was used throughout the experiments. All SERS spectra were obtained with a Horiba
Jobin Yvon LabRam HR confocal Raman microscope system (Edison, NJ) and with a
Raman excitation laser of 633 nm. The laser was focused onto the sample through a 10×
Olympus objective (NA = 0.25), and the laser power on the sample is 1.3 mW. UV–
visible (UV-vis) spectra were acquired using an Evolution 300 spectrophotometer
(Thermo Scientific, Waltham, MA) or an Olis HP 8452 diode array spectrophotometer
(only for the time-resolved localized surface plasmon resonance (LSPR) measurements).
Centrifugation was performed using a benchtop Fisher Scientific centrifuge (Fisher
21000R).
AuNP synthesis and characterization
The in-house AuNPs were prepared using the citrate reduction method. Briefly,
0.0788 g of gold(III) chloride trihydrate was added to 150 mL of Nanopure water (18.2
MΩ cm), and then, the solution was brought to a boil. 3 mL of 1% trisodium citrate
dihydrate was added, and the resulting solution was boiled under constant rapid magnetic
stirring for 20 min before cooling to room temperature. The surface plasmonic peak
absorbance of the as-synthesized AuNP is at 520 nm, and the TEM image shows the
particle size of the AuNPs is ~13 nm in diameter (Figure 2.1). The concentration of the
prepared AuNPs was 14.1 nM, calculated using the molar extinction coefficient of 2.7 ×
108 M–1 cm–1 for 13 nm AuNPs83 and the UV–vis spectrum of the as-synthesized AuNPs
(Figure 2.1).
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Figure 2.1

The UV–vis spectrum and a TEM image for in-house-synthesized AuNP
solution.

AuNP inner filter effect
The AuNP inner filter effect was demonstrated with static state and time-resolved
Raman measurements. For the static Raman, the as-synthesized AuNPs were first
concentrated ~3 times by centrifugation using the benchtop centrifuge at 8000 rpm for 1
h. The concentrated AuNPs were then redispersed with a probe sonicator. A series of
ethanol solutions were prepared where the ethanol concentration is kept the same (50%
by volume) and the AuNP concentrations are 0, 3.5, 7.1, 10.6, 14.1, and 21.2 nM,
respectively. The ethanol Raman spectra of these samples were acquired under the same
experimental conditions.
Time-resolved Raman of AuNP/DTP/ethanol mixture
Briefly, 650 μL of a 14.1 nM AuNP solution was mixed with 650 μL of 5 μM
DTP in 100% ethanol in a 2 mL-glass vial. In the SERS measurements, the glass-vial sat
upright and was sealed by a piece of paraffin with a hole (~2 mm in diameter) in its
center for KCl addition and for the back-illumination SERS acquisition. We have also
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compared the open and close vial acquisitions and found there is no significant solvent
evaporation during our 40 min or so spectral acquisition. After acquiring the Raman
spectrum of the AuNP/DTP/ethanol solution, 10 μL of 10% KCl solution (the
aggregation agent) was added under constant stirring into the AuNP and ethanol mixture.
This was followed by immediate time-resolved Raman spectral acquisition with a
spectral integration time of 6 s for each spectrum and a time interval of 1s between
consecutive spectra.
Time-resolved UV–vis
Independent time-resolved UV–vis measurement was used to monitor the AuNP
LSPR change as a function of AuNP aggregation time for AuNP/DTP/ethanol mixtures
that were prepared exactly the same way as for the time-resolved Raman measurements.
Similar to time-resolved Raman spectral measurement, time-resolved UV–vis spectra
were taken immediately before and after the addition of 10 μL of 10% KCl into the
AuNP/DTP/ethanol mixtures. The time interval between each consecutive spectral
acquisition was 1 s with an integration time of 6 s for each spectrum.
Computation simulations
The experimentally determined AuNP SERS activity as a function of the AuNP
aggregation was compared to that obtained with computer modeling. In the calculations,
particle size and concentration of the AuNPs were set to be the same as the experimental
results, which are 13 nm in diameter and 7.1 nM, respectively. The coordinates of the
metal nanoparticles in the aggregated AuNPs were generated using Monte Carlo method.
We first placed a particle at (0,0,0) coordinate; consequently, more particles were placed
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near the previous particle with a distance of 0.8 nm (assuming that DTP has the
dimension as mercaptobenzimidazole84) between the particles. Any newly added particle
was separated from the existing particles to avoid overlap. We assumed only a one,
instead of two, DTP layer separation between any adjacent AuNPs because, under our
experimental conditions, the amount of DTP added into the AuNPs is less than 20% of
the full monolayer packing capacity of the AuNPs. Our previous study showed that it
would take ~5 times more mercaoptobenzimidazole than the amount of DTP used in this
study to saturate the AuNP surfaces.85 We calculated aggregates with sizes varying from
2 to 400 metal nanoparticles. The plasmon coupling between particles were modeled
using the T-matrix method.86 The absorption efficiency was calculated using the T-matrix
method, and the enhanced local electric fields around the particles were calculated using
the program written in the Zou lab.87-89 The UV–vis absorbance of metal nanoparticles
were calculated using the concentration of 7.1 nM, 1 cm path length of the UV–vis cell
used in the experiment, and the T-matrix method calculated absorption efficiency. The
enhancement factor of the SERS was calculated using the expression Einc2Eemission2 where
Einc2 and Eemission2 are the square of the enhanced local electric field around metal
nanoparticle at incident (excitation) wavelength and the Stokes shifted emission
wavelength, respectively.90-91 To reduce the uncertainty caused by the Monte Carlo
method, we modeled 40 samples for aggregates at any given number of particles and one
million spots around particles in each aggregate for the SERS enhancement factor
calculations. The presented data are the average over the 40 million calculations.
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Results and discussions
Figure 2.2 shows the Raman spectra obtained with 50% ethanol solutions that
contain AuNPs of different concentrations. Instead of enhancing it, the presence of
AuNPs reduces the ethanol Raman intensity and signal attenuation increases with
increasing AuNP concentration. This result provides direct experimental evidence of the
AuNP inner filter effect. Empirically, the degree of Raman signal attenuation correlates
linearly with the AuNP concentration. As discussed in the introduction section, AuNPs
can modify the analyte Raman signal through two competing mechanisms: enhancing the
Raman signal through SERS enhancement and reducing it through the AuNP inner filter
effect. The combined effect on the analyte Raman signal can be measured by Δ, an
apparent SERS enhancement factor (ASEF) that is defined as the ratio of the Raman
signal intensity of the analyte with and without the presence of AuNPs (Δ = IAuNP/I). The
ASEF of an analyte can be calculated using equation 2.1.
∆= χAuNP ηEFSERS + (1 − χAuNP )η

(2.1)

The two terms on the right-hand side of the equation correspond to the SERS
contribution and the normal Raman contribution; both multiplied by η, a parameter
quantifying the significance of AuNP inner filter effect. The value of η varies from 1 (no
inner filter effect) to 0 (maximum inner filter effect). χAuNP is the molar fraction of the
analytes that are in close proximity to the AuNP surface and experience the SERS
enhancement provided by the AuNPs. EFSERS is the actual SERS enhancement factor of
the molecules adsorbed onto the AuNPs.
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Figure 2.2

Demonstration of the inner filter effect.

Notes: (A) Representative Raman spectra of 50% ethanol where the concentration of the AuNPs
is (a) 0, (b) 3.5 nM, (c) 7.1 nM, (d) 10.6 nM, (e) 14.1 nM, and (f) 21.2 nM, respectively. (B)
Correlation between the apparent SERS enhancement factor of ethanol Raman signal Δ at 880
cm–1 vs AuNP concentration. The calculation of the apparent SERS enhancement was shown in
the text. Inset in B is the UV–vis spectrum of 2 nM AuNP in 50% ethanol.

In addition to the manifesting AuNP inner filter effect, the fact that the ASEF of
ethanol is less than one in the AuNP containing samples also confirm the low SERS
activity of ethanol. If the intrinsic SERS activity of ethanol is high enough to compensate
for the signal attenuation of the AuNP inner filter effect, increasing AuNP concentration
would lead to higher ethanol Raman intensity by increasing the χAuNP value. The
insignificant ethanol SERS enhancement is consistent with negligible SERS activities
observed with polar solvents such as methanol and water.46, 92 Neglecting the possible
EtOH
ethanol SERS enhancement, we can approximate that Δ = η based on the fact that χ AuNP
,

the fraction of the molecules located close to the AuNPs, is very small under our
EtOH
experimental conditions. It can be shown that the χ AuNP
value for ethanol in the 14.1 nM

AuNP solution is ~1 × 10–4 if we assume that only molecules located within 10 nm of the
AuNP surface experience significant SERS enhancement. It should be noted that the η
20

calculated with this approximation represents the lower-bound value of the inner filter
effect, meaning that the true Raman signal attenuation from the AuNP inner filter effect
should be higher if there is any SERS contribution to the ethanol Raman signal.
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Figure 2.3

Demonstration of the inner filter effect on SERS measurement.

Notes: (A) Representative time-resolved SERS spectra of AuNP/DTP/ethanol mixtures where the
nominal concentrations of DTP, AuNP, and ethanol are 2.5 μM, 7.1 nM, and 50% in volume,
respectively. Spectrum (a) was acquired before the KCl addition, while spectra (b–e) are obtained
at (b) 303 s, (c) 837 s, (d) 1022 s, and (e) 2888 s after the addition of KCl as the aggregation
reagent into the AuNP/DTP/ethanol mixtures, and (f) is the SERS spectrum of DTP in water.
Marked is the ethanol Raman (red ●) and DTP SERS (*) peak for calculating the Δ values for
ethanol and DTP, respectively. (B) Apparent SERS enhancement factors of ethanol (red ⧫) and
DTP (◊) as a function of time of AuNP aggregation initiated by KCl addition into the
AuNP/DTP/ethanol mixtures. (C) Representative time-resolved UV–vis spectra of the sample that
was prepared exactly the same way with that used for time-resolved SERS spectral acquisition in
(A). Spectrum (a) is acquired before KCl addition. The spectra (b–f) were obtained at (b) 25 s, (c)
40 s, (d) 214 s, (e) 1333 s, and (f) 2790 s after the KCl addition. (D) The sum of AuNP LSPR
absorbance in the time-resolved UV–vis spectra of AuNP/DTP/ethanol mixtures at 633 nm (the
Raman excitation wavelength) and (red ⧫) ethanol Raman photon wavelength or (blue ◊) DTP
Raman photon wavelength as a function of the AuNP aggregation time.

Like the AuNP SERS enhancement, the efficiency of the AuNP inner filter effect
depends critically on the state of AuNP aggregation. Figure 2.3 shows the experimental
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results from the time-resolved Raman and UV–vis measurements of the
AuNP/DTP/ethanol mixtures as a function of AuNP aggregation time. The DTP and
ethanol normal Raman spectra used for calculation of the ASEF in Figure 2.3 were
obtained using their respective AuNP-free samples (Figure 2.4). While the timedependent ASEF for ethanol is invariably smaller than 1 regardless of the AuNP
aggregation state, further confirming that the AuNP inner filter effect is the dominant
effect on the ethanol Raman intensity, the ASEF for DTP is always larger than one. This
result indicates that the AuNP SERS enhancement is the dominant effect on the DTP
Raman signal.

Figure 2.4

Normal Raman spectra of DTP and ethanol.

Notes: Normal Raman spectra of (a) 50% ethanol and (b) 54 mM DTP in 0.1 M NaOH. RamChip
slide was used for the Normal Raman spectral acquisition. Spectral integration time is 150 s with
a 633 nm laser. Laser power on the sample is 13 mW.
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Since in our experimental design the amount of DTP added to the AuNP solution
is below the estimated saturated monolayer capacity of the AuNPs, DTP was completely
(>95%) adsorbed onto the AuNPs (Figure 2.5).

Figure 2.5

Estimation of the amount of DTP adsorbed onto the AuNPs in the SERS
samples.

Notes: SERS confirmation of complete DTP adsorption (>95%) onto AuNPs in the SERS
samples. SERS spectrum (a) was obtained with DTP/ethanol mixture where the DTP
concentration is 125 nM, 20X more diluted than that used in AuNP/DTP/ethanol mixture. The
spectrum (b) was acquired with the supernatant of the AuNP/DTP/ethanol mixture and it showed
that there is no detectable DTP SERS signal in the supernatant after centrifuge removal of the
AuNPs together with their surface adsorbed DTP. The spectrum (b) indicates that at least 95% of
the DTP were adsorbed onto the AuNPs in the AuNP/DTP/ethanol mixture. The spectrum (c) was
acquired with the 50% ethanol solution. For the SERS measurements, 50 μL of the DTP/ethanol
mixture or the supernatant of AuNP/DTP/ethanol was sequentially mixed with 50 μL 50 nm
colloidal AgNPs and 10 μL 20% KCl. Spectral integration time is 50 s with a 633 nm laser. Laser
power on the sample is ~3.3 mW.
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Therefore, we can approximate the time-dependent ASEF of DTP as equation 2.2
DTP
by taking advantage of the fact that χ AuNP
≈ 1, while the time dependence of the ASEF

of ethanol’s Raman feature is expressed by equation 2.3.
𝐷𝑇𝑃 (𝑡)
∆𝐷𝑇𝑃 (𝑡) = 𝜂(𝑡)𝐸𝐹𝑆𝐸𝑅𝑆

∆EtOH (t) = η(t)

(2.2)
(2.3)

Dividing equation 2.2 by equation 2.3 gives the formula for determination of the
actual SERS enhancement factor of DTP as a function of AuNP aggregation time.
DTP (t)
EFSERS
= ∆DTP (t)/∆EtOH (t)

(2.4)

The most important implication of equation 2.2 and equation 2.4 is that the true
SERS enhancement factor of an analyte is always higher than its ASEF as η(t) is
necessarily smaller than one in practical SERS acquisition. Equation 2.4 is critical
because it provides a general analytical strategy for reliable determination of an analyte’s
SERS enhancement factor using a non-SERS active solvent as the internal reference.
Solvent as the internal reference in SERS and normal Raman acquisition has been
demonstrated before.51, 82, 93 However, in those applications, the solvent Raman signal
was used for compensating Raman signal variation induced by spectral data acquisition
conditions including fluctuation in laser excitation, photo collection efficiency, spectral
integration time, etc. Our work demonstrates that using a non-SERS active solvent as an
internal reference can also compensate for the Raman intensity variation induced by the
AuNP inner filter effect.
Critical insight can be derived by correlating ethanol or DTP ASEF with the timedependent AuNP LSPR variations (Figure 2.6). First, it demonstrates that the actual DTP
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SERS enhancement is indeed invariably larger than its apparent SERS enhancement and
the largest difference between the two values is about 3-fold. This result indicates that a
significant signal variation can be induced by the AuNP inner filter effect. Second, the
data in Figure 2.6 shows that empirically the degree of AuNP inner filter effect and
surface enhancement are both linearly correlated to the overall absorbance at the Raman
excitation laser wavelength and the analyte Raman photon wavelengths. This provides a
clear experimental confirmation that, like AuNP SERS enhancement, the AuNP inner
filter effect originates from the AuNP LSPR.

Figure 2.6

Correlation between analyte SERS enhancement and the overall AuNP
LSPR absorbance at the Raman excitation laser wavelength and the analyte
Raman photon wavelengths.

Notes: Experimental ASEF of (A) ethanol and (B) (◊) DTP as the function of the experimental
AuNP LSPR absorbance. (blue ▲) in (B) is the experimental SERS EF of DTP calculated
according to equation 2.4. (C) Theoretically calculated DTP SERS EF as a function of calculated
AuNP LSPR absorbance.

Using theoretical tools described in the experimental section, we calculated the
AuNP LSPR spectrum and DTP SERS enhancement factor as a function of AuNP
aggregation time. Figure 2.6C shows the correlation between the computed DTP SERS
enhancement factor and the overall AuNP LSPR absorbance at the 633 nm (the
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experimental excitation laser wavelength) and 687 nm (the DTP Raman photon
wavelength). The computed DTP SERS enhancement factors agree remarkably well with
the experimental results shown in Figure 2.6B. This result is important because it crossvalidates our computational and experimental methodologies. More importantly, the
agreement between experimental DTP SERS enhancement factors and the modeled SERS
enhancement factors, where only the electromagnetic (EM) enhancement was taken into
consideration, indicates that EM enhancement is by far the dominant mechanism for the
DTP SERS under the experimental condition. This, together with our recent finding that
SERS enhancement factors of organothiols on AuNP and AgNP surfaces are mostly
independent of the organothiol structure,51 argues strongly against the possibility of
extraordinarily high chemical enhancement factor (>10-fold) for organothiol SERS
signals. Otherwise, one would expect larger differences between the computed EM SERS
enhancements and the experimental SERS enhancements and more prominent
dependence of the SERS enhancement factors on the chemical structure of analytes.
Conclusions
Large SERS signal fluctuation as a function of AuNP aggregation is commonly
seen in colloidal AgNP and AuNP based SERS spectral acquisition. Using a bianalyte
strategy, we demonstrated that AuNPs modify the analyte Raman signal through two
competing mechanisms: enhancing the Raman signal through SERS enhancement and
attenuating it by the AuNP inner filter effect. The apparent SERS enhancement factor of
analytes on AuNP surfaces is a multiplicative combination of the AuNP inner filter effect
coefficient and the actual SERS enhancement. Empirically, both AuNP SERS
enhancement and the inner filter effect are linearly dependent on the overall AuNP LSPR
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absorbance at the excitation laser wavelength and the Raman photon wavelength.
Although this study was carried out with only AuNPs, the inner filter effect should be an
omnipresent phenomenon in all SERS acquisitions, regardless of the SERS substrate used
and the SERS measurement scheme. In addition to providing a new insight into the SERS
signal variations, this study also demonstrated a simple analytical strategy for reliable
determination of an analyte’s SERS enhancement factor. This is achieved by employing a
non-SERS active solvent as the internal reference to compensate for the AuNP inner filter
effect. The empirical correlation between the AuNP LSPR feature and the apparent SERS
enhancement provides a simple method to improve the Raman sensitivity in plasmonic
NP containing samples. For a SERS active analyte, the optimal Raman signal is obtained
when the overall AuNP LSPR absorbance at the excitation laser wavelength and the
Raman photon wavelength reaches a maximum. However, for an analyte that is not SERS
active, optimal Raman sensitivity is achieved when the overall LSPR absorbance of the
plasmonic NPs at the excitation laser wavelength and analyte Raman photon wavelength
is at its minimum.

Notes: This work has been previously published: Ameer, F. S.; Ansar, S. M.; Hu, W.; Zou, S.;
Zhang, D. Inner Filter Effect on Surface Enhanced Raman Spectroscopic Measurement. Anal.
Chem. 2012, 84, 8437-8441.
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CHAPTER III
ROBUST AND REPRODUCIBLE QUANTIFICATION OF SERS ENHANCEMENT
FACTORS USING A COMBINATION OF TIME-RESOLVED RAMAN
SPECTROSCOPY AND SOLVENT INTERNAL
REFERENCE METHOD

(Published in J. Phys. Chem. C 2013; 117: 3483-3488)

Abstract
Recent research has demonstrated that the nanoparticle (NP) surface enhanced
Raman spectroscopy (SERS) substrate modifies an analyte’s Raman signal through two
competitive mechanisms, SERS enhancement and NP inner filter effect, instead of SERS
enhancement alone as commonly believed. Using a combination of time-resolved Raman
spectroscopy and a solvent internal reference method, reported herein is a quantitative
determination of the SERS enhancement factors (EFs) of mercaptobenzimidazole (MBI),
a model organothiol, adsorbed onto gold and silver nanoparticles (AuNPs and AgNPs).
The peak MBI SERS EF depends only on the type and size of NPs, but not analyte and
NP concentrations, or the type (KF, KCl, KBr, and K2SO4) and concentrations of the
electrolytic aggregation agents. The experimental SERS EFs of MBI on both AuNPs and
AgNPs can be fully explained by the electromagnetic mechanism alone. This result,
combined with our recent findings that a series of structurally diverse organothiols have
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similar SERS EFs, argues quite strongly against the possibility of large chemical
enhancement (e.g., >10 times) for organothiols adsorbed onto colloidal AuNPs and
AgNPs.
Introduction
The two most controversial issues in surface enhanced Raman spectroscopy
(SERS) are the true SERS enhancement factors (EFs) afforded by a SERS substrate or
SERS active molecules and the significance of chemical enhancement. SERS
enhancement is commonly believed to be the combined multiplicative contribution of
electromagnetic enhancement and chemical enhancement.65-70, 94-98 SERS EFs up to 1015
and chemical EFs up to 107 have been reported.44, 58, 96, 99-107 In most of these studies, the
SERS EF is assumed to be the same as the analyte’s apparent SERS EF, ΔA, calculated
by

∆𝐴 (t) =

INP (t)/CNP
INR /CNR

(3.1)

where INP and INR are the Raman signal of an analyte with and without SERS active
nanoparticles (NPs) or other SERS substrates, CNP is the concentration of the analyte on
the NP surface in the SERS sample, CNR is the analyte concentration in the normal
Raman samples, and t represents the time when the SERS spectrum is acquired. The
inclusion of the variable of time in equation 3.1 is important because SERS intensity can
depend critically on the state of NP aggregation. One well-known challenge in applying
equation 3.1 is accurately determining the concentration of the analyte that contributed to
the SERS signal. Another problem, far less appreciated, is the difficulty in obtaining the
normal Raman activity of the analyte under the same experimental conditions used for
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the SERS measurements. An extreme example is the highly cited single-molecule SERS
work that used the methanol normal Raman activity for that of crystal violet when
calculating the crystal violet SERS EF.46 Given the drastically different structures of
crystal violet (an organic dye with a large number of conjugated electrons) and methanol
(an aliphatic alcohol), the reported SERS EF (1014) is likely inflated by several orders of
magnitude.46 We have shown that the normal Raman activity of the thiobarbituric acidmalondialdehyde adduct, an organothiol dye, is over 4 orders of magnitude higher than
that of cysteine, an aliphatic organothiol.51
Besides its practical difficulties, equation 3.1 is fundamentally flawed for SERS
EF determination because it fails to account for the SERS substrate inner filter effect on
the analyte Raman signal.108 We have demonstrated that the SERS substrate modifies the
analyte Raman intensity through two competing mechanisms: SERS signal enhancement
and the inner filter effect.108 The latter has been almost entirely overlooked in SERS
studies. This inner filter effect is due to the light intensity attenuation caused by the light
absorption and/or scattering of the SERS sample including the SERS substrates. One
strategy that corrects for the SERS inner filter effect is to use a non-SERS active solvent,
such as ethanol (EtOH), as an internal reference.108 Because the inner filter effect reduces
both the analyte SERS signal and solvent Raman signal by the same degree, and the
solvent experiences predominantly only the NP inner filter effect,108 the true SERS EF of
the analyte can be obtained with equation 3.2, where the apparent SERS EF of the analyte
ΔA(t) is divided by that of the solvent ΔS(t).
EFA (t) =
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∆A (t)
∆S (t)

(3.2)

This study has three objectives: First, our time-resolved Raman measurements
have shown that upon AuNP aggregation, the SERS EF of the organothiol increased
monotonically to a maximum and then dropped monotonically with the progression of
NP aggregation.108 It is important to evaluate the variability of this peak SERS EF as a
function of the experimental parameters, including the NP and analyte concentrations,
and the type and concentration of the electrolytic aggregation agents. One key obstacle in
current SERS research is the lack of a standard procedure for reporting and comparison
of the SERS activity of different analytes. This is especially troubling because SERS
signal variability is a well-known effect. We show in this work that the peak SERS EF
derived from the time-resolved SERS measurements provides a highly reproducible
measure of the SERS activities of different analytes or SERS substrates. The second
objective is to compare the SERS EF of MBI adsorbed onto NPs of different types
(AgNPs and AuNPs) and sizes (30 and 50 nm in diameter). A similar study has been
reported,109 however, the NP inner filter effect was not considered in that study. The third
objective is to explore the significance of the chemical enhancement (CM) by comparing
the experimentally measured SERS EFs with those calculated using electromagnetic
enhancement only. Our recent study conducted with a series of structurally diverse
organothiols coadsorbed onto AuNPs and AgNPs showed that the SERS EFs of those
organothiols are highly similar even though their normal Raman activities and SERS
activities differ by more than 4 orders of magnitude.51 This result strongly indicates that
either all the test organothiols have similar degrees of CM, or there is no significant CM
for these samples. The determination of the absolute SERS EFs for MBI, the reference
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molecule used in our recent study,51 should enable us to explore the true significance of
CM in organothiol SERS.
Theoretical consideration
Analyte and solvent (i.e., ethanol) Raman intensities from the Raman spectrum of
the mixture obtained in the absence of NPs can be expressed with equations 3.3 and 3.4,
where αS and αA are the Raman cross sections for the solvent and analyte, respectively,
and f

NR

is a parameter denoting the collective effect of instrument performance

including its laser excitation efficiency, photocollection efficiency, the quantum yield of
the CCD detector, as well as spectral acquisition conditions such as laser power and
integration time. Because the Raman signal of the analyte and solvent is extracted from
the same spectrum, f

NR

is the same for both the analyte and the solvent.
IANR = αA 𝑓 NR CANR

(3.3)

ISNR = αS 𝑓 NR CSNR

(3.4)

In the presence of NPs, the Raman signal of the analyte and solvent can be
decomposed into the SERS part (first term) and normal Raman part (second term)
(equations 3.5 and 3.6)
NP
NP
IANP (t) = CANP χNP
η(t) + CANP �1 − χNP
η(t)
A EFA (t)αA 𝑓
A �αA 𝑓
NP
NP
ISNP (t) = CSNP χNP
η(t) + CSNP �1 − χNP
η(t)
S EFS (t)αS 𝑓
S �αS 𝑓

(3.5)
(3.6)

where χ SNP and χ ANP represent the molar fraction of the molecule that is located in the
SERS enhanced volume, EF and η represent the SERS EF and the NP inner filter effect,
respectively. EF and η are both functions of NP aggregation time t. f
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NP

is the collective

effect of the Raman instrumentation conditions and experimental parameters used in
SERS measurement of the analyte and solvent mixture. Equation 3.5 can be simplified
into equation 3.7 by taking advantage of the fact that all the organothiol molecules are
adsorbed onto the NPs when only a sub-monolayer of organothiol is added into the NP
solution ( χ ANP = 1),108 while equation 3.6 can be simplified into equation 3.8, because we
have recently shown that there is negligible SERS signal contribution to the ethanol
Raman intensity in the NP-containing sample.
IANP (t) = CANP EFA (t)αA 𝑓 NP η(t)
ISNP (t) = CSNP αS 𝑓 NP η(t)

(3.7)
(3.8)

Defining I ANR/ S and I ANP/ S as the analyte and solvent intensity ratios in the normal
Raman and SERS samples along with C ANR/ S and C ANP/ S as the concentration ratios of the
analyte and solvent in the samples without and with the presence of NPs, equations 3.9
and 3.10 are readily derived using equations 3.3, 3.4, 3.7, and 3.8.
INP
A/S (t)
CNP
A/S

= EFA (t)αA/S

(3.9)

= αA/S

(3.10)

INR
A/S (t)
CNR
A/S

In equations 3.9 and 3.10, αA/S is the Raman cross-section ratio between the
analyte and solvent. Dividing equation 3.9 by equation 3.10 leads to equation 3.11,
proving that the organothiol SERS EF is a ratio between the Raman activity ratios of the
analyte and solvent with and without the presence of NPs.
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EFA (t) =

NP
INP
A/S (t)/CA/S
NR
INR
A/S /CA/S

(3.11)

Equation 3.11 shows that the SERS EF measured with this internal reference method is
theoretically free of errors induced by the NP inner filter effect and instrumental
uncertainties. Experimental determination of the SERS EFs can be readily performed
using the scheme shown in Figure 3.1, where ethanol is used as solvent and
mercaptobenzimidazole (MBI) as the model analyte.

Figure 3.1

Scheme for determining the MBI SERS EF as a function of NP aggregation
time in solution.

Notes: Normal Raman spectra were acquired with a series of known concentrations of (red ○)
MBI in (black ♦) ethanol/water cosolvent. The SERS samples were prepared by mixing known
amounts of MBI in ethanol/water cosolvent with NPs. The amount of MBI used in each NP
containing sample was smaller than the NP monolayer packing capacity to allow complete
organothiol adsorption and to avoid NP aggregation induced by MBI adsorption. Time-resolved
SERS measurements were conducted upon addition of the electrolytic aggregation agent.
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Experimental section
Equipment and reagents
The AuNPs and AgNPs with nominal sizes of 30 and 50 nm in diameter were
purchased from Nanocomposix, Inc. (Figure 3.2). The concentrations of the AgNPs and
AuNPs were 0.05 mg/mL. All other chemicals were purchased from Sigma-Aldrich Inc.
(St. Louis, MO). Nanopure water (18.2 MΩ cm) was used throughout the experiments.
All SERS spectra were obtained with a Horiba Jobin Yvon LabRam HR confocal Raman
microscope system (Edison, NJ) using a Raman excitation laser of 633 nm. The laser was
focused onto the sample through a 10X Olympus objective (NA = 0.25), and the laser
power on the sample was 13 mW for the normal Raman spectra and 1.3 mW for the
SERS measurements. AuNP centrifugation was performed using a benchtop Fisher
Scientific centrifuge (Fisher 21000R).
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Figure 3.2

TEM images of AuNPs and AgNPs.

Notes: Representative TEM images of AgNPs of nominal diameters (A) 30 and (B) 50 nm and
AuNPs with nominal diameters of (C) 30 and (D) 50 nm. The scale bars for the top two and
bottom two images are 50 nm.

Time-resolved and normal Raman acquisition
Sample preparation and time-resolved Raman spectral acquisition followed our
published experimental procedures.108 In brief, 650 μL of MBI of proper concentration in
ethanol and water (v:v 1:1) cosolvent were mixed with an equal volume of colloidal
AuNPs or AgNPs of proper concentrations in a 2 mL glass vial. In all our experiments,
the amount of MBI added into the NP solution was less than the full monolayer MBI
packing capacity of the NPs, which is important to ensure complete organothiol
adsorption and to avoid NP aggregation before electrolyte addition.51 The mixtures were
left at ambient conditions for ~10 min to allow complete MBI adsorption, which was
experimentally confirmed using the procedure described before.51, 108 For the SERS
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measurements, the glass vial sat upright and was sealed by a piece of paraffin with a hole
(~2 mm in diameter) in its center for aggregation agent (KCl, KBr, KF, or K2SO4)
addition and for the back-illumination SERS acquisition.108 Time-resolved Raman
spectrum acquisition was initiated immediately following addition of 20 μL of proper
concentrations of aggregation agent into the MBI/NP/ethanol mixture. The mixture was
constantly stirred during the entire spectral acquisition period. The spectral integration
time was 6 s, and the time interval between consecutive spectral acquisitions was 1 s. No
significant solvent evaporation was observed during the ~45 min spectral acquisition.
Normal Raman spectra of MBI/ethanol mixtures were acquired with a series of
MBI/ethanol mixtures of known compositions. The spectral integration time was 50 s,
and three independent measurements were made for each sample.
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Results and discussions
The time-resolved Raman spectra showed that the MBI and ethanol intensities of
the MBI/ethanol/AuNP mixtures change significantly as a function of AuNP aggregation
time (Figure 3.3A and 3.3B), and they follow almost exactly opposite trends.

Figure 3.3

(A) Representative time-resolved Raman spectra obtained with
MBI/ethanol/AuNP mixtures. (B) The ethanol and MBI Raman intensity as
a function of AuNP aggregation time. (C) MBI SERS EF as a function of
AuNP aggregation time.

Notes: (A) Spectrum (a) was obtained with ethanol alone, spectrum (b) was acquired before the
KCl addition, while spectra (c–f) were obtained at (c) 235 s, (d) 1035 s, (e) 2090 s, and (f) 4373 s
after KCl addition as the aggregation agent. The MBI, ethanol, AuNP, and KCl concentrations for
the time-resolved spectra are 0.37 μM, 4.27 M, 0.03 nM, and 0.016 M, respectively. Marked is
the (red ○) MBI and (black ♦) ethanol peaks for calculating the MBI SERS EF as a function of
NP aggregation time.

This result is consistent with our recent work and is explained by the different
dependence of the NP inner filter effect and SERS enhancement on the NP surface
plasmonic resonance.110 Before addition of aggregation reagent, MBI was completely
adsorbed onto the AuNPs, and the MBI-adsorbed AuNP remains well-dispersed (no
aggregation) in the ethanol/water mixture solvent (Figure 3.4).
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Figure 3.4

UV-vis spectra of NP/MBI/ethanol mixtures.

Notes: The NPs for (A) and (B) are AgNPs with nominal diameters of (A) 30 and (B) 50 nm
respectively, while (C) and (D) are for AuNPs with diameter of 30 and 50 nm. The AuNP and
AgNP concentrations are ~0.025 g/L and ~0.05 g/L respectively. The concentrations of MBI and
ethanol were 0.5 μM and 4.27 M respectively. The spectra were taken ~1 hr after the mixtures
prepared, which showed no NP aggregation after the MBI adsorption in the ethanol/water mixture
solvent.

The MBI SERS EF as a function of NP aggregation time (Figure 3.3C) was
calculated by equation 3.11 using a normal Raman activity ratio of the selected MBI and
ethanol features (the denominator in equation 3.11) of 10.44. This value was determined
from the normal Raman spectra obtained with a series of MBI/ethanol mixtures (Figure
3.5).
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Figure 3.5

Normal Raman activity ratio between MBI and EtOH.

Notes: (A) Raman spectra of MBI in ethanol/water cosolvent. The MBI concentration is (a) 0, (b)
10 mM, (c) 40 mM, (d) 60 mM, (e) 80 mM, and (f) 100 mM, respectively. The concentration of
ethanol is 0.8 M. (B) Correlation between the MBI and ethanol Raman intensity ratio and their
concentration ratio. The slope is the normal Raman cross-section ratio of MBI and ethanol that is
used for calculation of the SERS EFs in the main text. The peak marked with (red ○) and (black
♦) are the MBI and ethanol features, respectively. Normal Raman spectra were acquired by
transferring 10 µL of the sample solutions of the MBI/ethanol mixtures onto the Ramchip slides
(Z&S Tech. LLC) with a silicon isolator. The Ramchip slide is a normal Raman substrate that is
free of fluorescence and Raman background. The spectral integration time was 50 s with a 633
nm laser and the laser power on the sample was 13 mW. Three independent measurements were
made for each sample.

The effect of analyte and NP concentrations and the identity and concentration of
the aggregation agent on the MBI SERS EF was investigated using the combined timeresolved Raman and solvent internal reference method (Figure 3.6). Most notably, the
magnitude of the peak SERS EFs are the same in all the samples (1.53 ± 0.02 × 106)
despite the varying time-courses of the MBI intensity from sample to sample. This result
demonstrates that the peak SERS EF is a highly robust and reproducible measure of the
SERS activities for organothiols adsorbed onto a particular type of NP. This conclusion is
in stark contrast with previous reports that the analyte SERS activity on NPs depends
strongly on the structure and concentration of the aggregation agents40, 111-115 and analyte
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and NP concentrations.40, 105, 109 One possible reason is that in many of the previous
reports the NP inner filter effect was not taken into consideration. Another reason is that
instead of comparing the peak SERS EFs obtained from time-resolved Raman spectra,
most previous works relied on static Raman measurements.

Figure 3.6

Effect of (A) AuNP, (B) MBI, and (C) KCl concentrations, and (D) type of
aggregation agent on the (Left) MBI SERS intensity and (Right) SERS EFs
as a function of AuNP aggregation time.

Notes: The AuNP concentrations in (A) are (blue ■) 0.10 nM, (red ▲) 0.06 nM, and (◊) 0.03 nM,
respectively. The concentration of KCl in (A) is 0.026 M. The MBI concentrations in (B) are (□)
0.50 μM, (red ●) 0.37 μM, (blue ▲) 0.25 μM, and 0.12 μM (○), respectively. The KCl
concentrations in these four samples are 6 mM, 16 mM, 20 mM, and 25 mM, respectively. The
KCl concentrations for solutions in (C) are (blue ▲) 6 mM, (red ■) 13 mM, and (◊) 26 mM,
respectively. The electrolytes used (D) are (□) KF, (red ●) KCl, (blue ▲) KBr, and (○) K2SO4,
respectively, and their concentrations are 13 mM. Unless specified otherwise, the ethanol, KCl,
MBI, and AuNP concentrations are 4.27 M, 6 mM, 0.50 μM, and 0.03 nM, respectively. The
volume of each solution is 1.3 mL.
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Another notable point from the data in Figure 3.6 is that the analyte concentration
can significantly impact the AuNP aggregation kinetics. When the MBI concentration is
reduced from 0.5 μM to 0.375 μM (Figure 3.6B), it requires an increased concentration of
KCl and longer sample incubation time for AuNPs to reach optimal SERS enhancement.
If the concentration of the aggregation agent is too low, AuNPs cannot reach their peak
SERS EF. Instead, their SERS activity remains nearly constant after an initial rapid
increase upon the addition of KCl (Figure 3.7). The highest SERS EF achieved in this
case is significantly smaller than the peak SERS EF shown in Figure 3.6. This result
strongly suggests that the peak SERS EF determined with the time-resolved Raman
measurements represents the global maximum of the SERS EF afforded by NPs or a
SERS active molecule.

Figure 3.7

(A) MBI and ethanol Raman intensities, and (B) SERS EF as functions of
AuNP aggregation time.

Notes: The concentrations of KCl, ethanol, MBI, and AuNP added into the samples are 3 mM,
4.27 M, 0.50 μM, and 0.03 nM, respectively. The total volume of each solution is 1.3 mL.
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The peak SERS EFs of MBI on 30 and 50 nm AuNPs were compared with the
peak SERS EFs of MBI on AgNPs of the same nominal diameters, and these
experimentally determined SERS EFs were compared to the computed optimal SERS
EFs of MBI on AuNPs and AgNPs (Table 3.1 and Figure 3.8).

Figure 3.8

Peak SERS intensity for 30 nm and 50 nm AgNPs and AuNPs.

Notes: Representative MBI SERS EF as a function of NP aggregation time for 30 nm, 50 nm
AuNPs and AgNPs. The concentrations of MBI, KCl, and ethanol are 0.5 µM, 0.013 M, and 4.27
M respectively. The AuNP and AgNP concentration is ~0.025 g/L and ~0.05 g/L respectively.
The total volume of the solution is 1.3 mL.

The method of the theoretical calculations have been described in a previous
paper.108 The NP aggregation is modeled using a Monte Carlo method, and the
interparticle distance between neighboring aggregated NPs was set to 0.8 nm on the basis
of the MBI configuration on AuNPs. We calculated the electromagnetic SERS EF of both
Au and Ag aggregates of 30 and 50 nm in diameter. Because the exact AuNP aggregation
kinetic and size distributions are not known, the reported theoretical SERS EFs were
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assumed to be the average of the SERS EFs calculated using NP aggregates of two to 40
particles. One million calculations were used for each NP aggregate size (Figure 3.9).

Figure 3.9

Theoretically calculated electromagnetic SERS EFs as a function of the
size of NP aggregates.

Notes: The NP aggregation is modeled with the Monte Carlo method, and the interparticle
distance between neighboring aggregated NPs was set to 0.8 nm on the basis of the MBI
configuration on AuNPs.108 We calculated the electromagnetic SERS enhancement factor of both
Au and Ag aggregates of 30 and 50 nm in diameter, because the exact AuNP aggregation kinetics
and size distributions are not known. The reported theoretical SERS EFs in the main text were
assumed to be the average of the SERS EFs calculated using NP aggregates of two to 40 particles.
One million calculations were used for each NP aggregate size.
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Table 3.1

size (nm)
30
50

Experimental and Calculated Peak SERS EFs for MBI on AgNPs and
AuNPs
Experimental (×106)
AgNP
AuNP
5.60 ± 0.62
1.04 ± 0.09
7.85 ± 0.52
1.53 ± 0.02

Calculated (×106)
AgNP
AuNP
2.3 ± 0.9
1.6 ± 0.6
2.1 ± 0.6
0.9 ± 0.4

Notes: Experimental errors represent 95% confidence intervals of three independent
measurements.

The most important observation from data in Table 3.1 is the excellent match
between experimentally measured and theoretically calculated SERS EFs. The largest
difference between a calculated SERS EF and its measured counterpart, observed for 50
nm AgNPs, is less than 4-fold. The differences for the remaining samples are less than
2.5-fold. Multiple reasons could contribute to the small discrepancy between the
calculated and experimental SERS EFs. First, the calculations assumed that the AgNPs
and AuNPs were monodispersed, perfectly spherical particles with smooth surfaces.
However, our TEM and AFM images showed that both AuNPs and AgNPs have a level
of polydispersity, shape irregularity, and surface roughness (Figure 3.2 and Figure 3.10).
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Figure 3.10

AFM images of commercial AuNPs and AgNPs.

Notes: Representative AFM images of AgNPs of nominal diameters (A) 30, and (B) 50 nm and
AuNPs with nominal diameters of (C) 30 and (D) 50 nm.

The surfaces of the 50 nm AgNPs are the roughest among all the NP samples.
This may explain why the experimentally determined SERS EFs for AgNPs can be
significantly larger than the calculated ones, particularly for the 50 nm AgNPs. It is
known that rougher NPs are more SERS active.44, 116-119 Another possible explanation is
that the particle size distributions used in the calculations likely deviate from the true
particle size distributions. Nonetheless, the good agreement between the experimental
and the theoretical MBI SERS EFs indicates that the MBI SERS is dominated by the
electromagnetic enhancement mechanism. We used density functional theory to calculate
the Raman activity of an MBI molecule attached to both a 20 atom Au cluster and a 20
atom Ag cluster and found that their Raman activities are very similar, supporting our
finding that the electromagnetic enhancement mechanism is dominant for molecules in
this study.
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Conclusions
In summary, the combination of time-resolved Raman spectroscopy and solvent
internal reference method is an effective and reliable technique for SERS EF
determinations of colloidal NPs in solutions. Compared to SERS EFs determined with
static SERS measurements that vary with experimental conditions such as NP
aggregation time and NP concentrations, the peak SERS EFs determined with our method
are much more robust and reproducible. Therefore, the peak SERS EF should be a much
more reliable measure of the SERS activities afforded by different analytes or SERS
substrates. The finding that the MBI SERS enhancement can be mostly accounted for by
the electromagnetic mechanism alone, combined with our recent demonstration that a
series of structurally diverse organothiols including MBI have more-or-less the same
SERS EFs,51 argues strongly against any strong chemical enhancement (e.g., >10) in
organothiol SERS measurements.

Notes: This work has been previously published: Ameer, F. S.; Hu, W.; Ansar, S. M.;
Siriwardana, K.; Collier, W. E.; Zou, S.; Zhang, D. Robust and Reproducible Quantification of
SERS Enhancement Factors Using a Combination of Time-Resolved Raman Spectroscopy and
Solvent Internal Reference Method. J. Phys. Chem. C 2013, 117, 3483-3488.
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CHAPTER IV
QUANTIFICATION OF RESONANCE RAMAN ENHANCEMENT FACTORS FOR
RHODAMINE 6G (R6G) IN WATER AND ON GOLD AND SILVER
NANOPARTICLES: IMPLICATIONS FOR
SINGLE-MOLECULE R6G SERS

(Published in J. Phys. Chem. C 2013; 117: 27096-27104)

Abstract
The resonance Raman (RR) enhancement factors of Rhodamine 6G (R6G) in
water and on gold and silver nanoparticles (AuNPs and AgNPs) were determined using a
double ratiometric method where adenine is used as the internal reference. The RR
enhancement factor for R6G on AgNPs upon laser excitation at 532 nm is 537.6 ± 214.8.
This is ~5 times lower than the experimental (2.7 ± 0.3) × 103 RR enhancement factor for
R6G in water. These experimental RR enhancement factors for R6G in water and on
AgNPs are 104 smaller than the 107 RR enhancement proposed in literature for R6G in
water and on SERS substrates. In addition, a simple back-of-the-envelope calculation
showed that even with this damped RR for R6G on AgNPs in comparison to R6G in
water, a SERS enhancement factor of 106 is sufficient to explain the single-molecule
resonance SERS activities reported for R6G located in nanoparticle junctions. This
conclusion is deduced from fact that normal Raman spectrum could be readily obtained
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with 24 fmol of adenine at a laser focal volume of ~150 fL and with 532 nm excitation.
This work provides the first direct experimental evidence for the recent theoretical
predication that plasmonic nanoparticles quench the resonance Raman signal. In addition,
the double ratiometric method reported in this work represents a significant technique
development in Raman and SERS, which should pave the way for quantitative
investigations of the RR for dye molecules dissolved in solution or adsorbed on
plasmonic nanoparticles.
Introduction
Plasmonic silver and gold nanoparticles (AgNPs and AuNPs) can modify the
optical properties of the molecules located in close vicinity through multiple competing
processes.120-124 The first is plasmonic resonance, the collective free-electron oscillation
that induces strong local fields on the nanoparticle (NP) surfaces and enhances the optical
signal of the molecular adsorbates. This effect is commonly referred to as
electromagnetic enhancement in surface enhanced Raman spectroscopy (SERS).59, 62 The
second process is the charge-transfer between the metal particles and the surface
adsorbate.48, 99, 115 This is commonly invoked to explain the quenching of UV–vis
absorption and fluorescence emission of molecules adsorbed on the metal surfaces,121-122,
125

as well as the possible chemical enhancement observed in SERS.48, 115 The third

process involves the dipole interactions of the surface adsorbates with the NP surface
plasmonic modes (dipole or higher-order modes).121, 126 These interactions can reduce the
lifetimes of the excited molecules on NPs, inducing fluorescence quenching. Finally,
AgNPs and AuNPs can also attenuate the analyte Raman, SERS, and fluorescence signal
through the NP inner filter effect by absorbing the excitation laser and scattered or
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emitted photons that are in resonance with the NP plasmonic band.21, 108, 127 The overall
effect (quenching or enhancing) of the plasmonic NPs on a particular optical property
(such as fluorescence, IR, resonance and nonresonance Raman, and UV–vis absorption)
are the combined effects of these processes. In addition to the structures of the target
molecules and the NPs, molecular orientation on the NPs, distance between the analyte
and NPs, dielectric constant of the solution medium, and polarization of the excitation
light can also play essential roles in the signal enhancement or quenching.122
It is widely accepted that the plasmonic NPs enhance Raman signals but quench
fluorescence of molecules directly adsorbed on NP surface. However, the effect of NPs
on resonance Raman is far more obscure. Weitz et al. reported in 1983 that the SERS
enhancement factor of Rhodamine 6G (R6G) on a silver island film under resonance
excitation is about 100 fold smaller than that under nonresonance excitation.121 However,
the measured RR SERS enhancement factor is the product of the electromagnetic,
chemical, and resonance Raman enhancement factors. It thus remains unclear whether the
lower RR SERS enhancement is due to the quenching of the RR by the plasmonic
nanostructure, or the smaller electromagnetic enhancement of the SERS substrate at the
resonance excitation. On the basis of theoretical calculations, Sun et al. recently
concluded that the surface plasmon always quenches RR of the molecules that are in
close vicinity to the metal surfaces, even though the degree of RR quenching should be
far less drastic than that for fluorescence quenching.122 Unfortunately, direct experimental
confirmation of this predication has not been possible because currently there is no
analytical method that can reliably quantify the RR enhancement factor for molecules
adsorbed on plasmonic NPs.
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Reported herein is an experimental quantitative study of the effect of plasmonic
NPs on RR enhancement of molecules adsorbed onto the NP surfaces. The RR
enhancement factors of Rhodamine 6G (R6G) in water and on AuNPs and AgNPs are
quantified with a novel double ratiometric method developed in this work. R6G was
chosen as the model molecule for the following reasons. R6G is one of the most
commonly used model molecules in SERS.1, 42, 44, 53-55 Single-molecule resonance SERS
sensitivity of R6G has long been demonstrated.44, 54, 56 However, the exact origin of
R6G’s ultrahigh SERS activity and the realistic magnitude of its SERS enhancement
factor remain controversial. It has been proposed that, besides an average electromagnetic
enhancement factor of about 106,128 R6G on the SERS substrates may experience
additional RR enhancement up to 107 under the resonance excitation54 and possible
chemical enhancement of 102–103.100, 115, 128 However, experimental RR enhancement
factors for R6G in water and adsorbed on SERS substrates have not been reported. Filling
this knowledge gap is critically important to quantitatively understand the SERS
phenomena and the origin of the R6G single-molecule SERS sensitivity.
Figure 4.1 illustrates the experimental scheme of the double ratiometric method
where adenine was chosen as the internal reference. Three different excitation lasers with
wavelengths of 532, 638, and 785 nm were employed for both normal Raman and SERS
spectral acquisitions. R6G, a cationic dye, has a strong UV–vis absorption at 527 nm in
water (Figure 4.1B). To quantify the RR enhancement factor for R6G on NPs,
consecutive SERS spectra were obtained with the same R6G/adenine mixture SERS
sample at exactly the same sampling areas but with three excitation wavelengths. This
experimental precaution is to ensure that the number of R6G and adenine molecules in
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the sampling area does not change during the spectral acquisition under different
excitations. A key assumption of this experimental scheme is that R6G in water or
adsorbed onto AgNPs and AuNPs has no significant RR enhancement at 785 nm. This
assumption should be reasonable because this excitation wavelength is red-shifted by 258
nm from R6G′s λmax.

Figure 4.1

Experimental scheme of the double ratiometric method.

Notes: (A) Experimental scheme for double ratiometric quantification of the R6G RR
enhancement factors in water (638 nm only) and on AuNPs and AgNPs using adenine as an
internal reference. The subscripts of R6G and R6G-S represent R6G in water and adsorbed onto
SERS substrate. Subscript A refers to adenine. Detailed derivation of the equations is shown in
the main text. (B) UV–vis spectra of R6G and adenine. The R6G and adenine concentrations for
the UV–vis spectra were 5.1 μM and 37.9 μM in water, respectively. The dotted lines represent
the three Raman excitation wavelengths that are 532, 638, and 785 nm, respectively.
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Adenine was chosen as the internal reference for two reasons. First, like R6G,
adenine is a widely used model molecule in SERS studies.57-58 Single-molecule adenine
SERS was also claimed in literature,57-58 but head-to-head comparison of adenine and
R6G normal Raman or SERS activities has not been reported. Second, the peak UV–vis
wavelength of adenine in water is 260 nm. This wavelength is shorter by at least 290 nm
than the three Raman excitation wavelengths (785, 638, and 532 nm) used in this work.
Therefore, it is very unlikely for adenine to have any significant RR enhancement under
any of our Raman excitation conditions.
Theoretical consideration
Theoretically, R6G and adenine SERS intensities in a SERS spectrum obtained
with R6G and adenine coadsorbed onto the NP surface can be expressed using equation
4.1 and equation 4.2.
λ

λ

i
i
IR6G−S
= NR6G−S EMEFυi,S × RR R6G−S
αR6G−S (υi − υR6G−S )4 𝑓i

λ

i
IA−S
= NA−S EMEFυi,S αA−S (υi − υA−S )4 𝑓i

(4.1)
(4.2)

I Rλi6G − S and I Aλi− S are the Raman intensities of R6G and adenine in the R6G/adenine
mixture SERS spectrum obtained with an excitation wavelength of λi that corresponds to
the excitation frequency νi. λ1, λ2, and λ3. These correspond to excitation wavelengths of
532, 638, and 785 nm, respectively. We use both λi and νi to refer to the wavelength and
frequency of the excitation laser. The subscripts “R6G-S” and “A-S” refer to the R6G
and adenine adsorbed on NPs, respectively. NR6G-S and NA-S are the number of R6G and
adenine molecules contributing to their respective SERS signal in the R6G/adenine
mixture SERS spectrum. It is important to note that our consecutive SERS spectra at
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different wavelengths used for the ratiometric quantification of R6G/adenine intensity
ratios at difference excitations were obtained using the same R6G/adenine sample and at
exactly the same sampling area. Thus, the NR6G-S and NA-S values should be mostly
independent of the Raman excitation wavelengths. EMEFν i , S is the electromagnetic
enhancement factor of the SERS substrate at the excitation frequency νi. αR6G-S and αA-S
are the respective Raman cross sections of R6G and adenine adsorbed on the NPs. We
use αR6G-S and αA-S instead of αR6G and αA to reflect the fact that the intrinsic Raman
cross-section of a molecule adsorbed onto NPs can be different from that of the same
molecule dispersed in solution. We define αR6G-S/αR6G, and αA-S/αA as the chemical
λ
enhancement factors of R6G and adenine, respectively. RRRi6G − S is the RRs enhancement

factor of R6G adsorbed on the NPs during laser excitation with wavelength λi. νR6G-S and
νA-S are the R6G and adenine vibrational frequencies corresponding to their respective
Raman peaks selected for calculation of the R6G RR enhancement factors. The Raman
peaks chosen in this work are the 1510 cm–1 peak for R6G and 733 cm–1 peak for
adenine. Therefore, the values of νR6G-S and νA-S are 4.53 × 1013 Hz and 2.2 × 1013 Hz,
respectively. These two peaks have been commonly used for calculating the SERS
enhancement factors for R6G and adenine, respectively.47, 54, 128 fi includes the overall
effect of the instrument and spectral data acquisition parameters on the Raman intensities.
These parameters include laser power, spectral integration time, photon collection
efficiency of the optics, SERS substrate inner filter effect,108 and CCD detector quantum
efficiency.

55

Equation 4.1 highlights the challenges in determining both the SERS and RR
enhancement factors of R6G adsorbed onto the SERS substrates. Except for the term in
the parentheses that represents the Raman photon frequency, none of the variables in the
right-hand side of equation 4.1 can be experimentally determined. Therefore, it is
impossible to determine SERS, chemical enhancement, or the RR enhancement factor of
R6G with equation 4.1 alone. We have recently developed two ratiometric methods for
enhancing the quantitative understanding of the SERS phenomena.51, 129 The first method
was for determining the magnitudes of SERS enhancement factors of a model organothiol
adsorbed onto AuNP and AgNP surfaces.129 The second was for quantitative comparison
of Raman activities, SERS activities, and SERS enhancement factors for a series of
structurally diverse organothiols adsorbed onto AuNPs or AgNPs, respectively.51 The key
advantage of these ratiometric methods is that all the unquantifiable parameters were
canceled while determining the absolute or relative SERS enhancement factors of the
model organothiols.51, 129 To our knowledge, there is currently no experimental method
that can directly quantify the RR enhancement factor for any analyte adsorbed onto SERS
substrates.
Dividing equation 4.1 by equation 4.2 leads to equation 4.3:
λ

i
IR6G−S
λ

i
IA−S

=

λ

i
NR6G−S RRR6G−S
αR6G−S (υi −υR6G−S )4

NA−S αA−S (υi −υA−S )4

(4.3)

The excitation photon frequencies of ν1, ν2, and ν3 corresponding to the excitation
wavelengths of 532, 638, and 785 nm are 5.64 × 1014 Hz, 4.70 × 1014 Hz, and 3.82 × 1014
Hz, respectively. The values of νR6G–S and νA–S are 4.53 × 1013 (1510 cm–1) and 2.2 × 1013
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(733 cm–1), respectively. Therefore, (νi – νR6G–S)4/(νi – νA–S)4is approximately unity for ν1,
ν2, and ν3. Consequently, equation 4.3 can be simplified into equation 4.4.
λ

i
IR6G−S
λ

i
IA−S

=

λ

i
NR6G−S RRR6G−S
αR6G−S

NA−S αA−S

(4.4)

Importantly, since the Raman intensity of adenine and R6G are extracted from the same
R6G/adenine mixture SERS spectrum, equation 4.4 holds true regardless of the data
acquisition conditions such as laser illumination time and the laser excitation power.
Substitution of λi with 532, 638, and 785 nm excitations leads to equations 4.5-4.7:
I532
R6G−S
I532
A−S

I638
R6G−S
I638
A−S

I785
R6G−S
I785
A−S

=
=
=

NR6G−S RR532
R6G−S αR6G−S
NA−S αA−S

(4.5)

NR6G−S RR638
R6G−S αR6G−S
NA−S αA−S

(4.6)

NR6G−S RR785
R6G−S αR6G−S
NA−S αA−S

(4.7)

Using the assumption that R6G on NP has no RR enhancement ( RRR785
6G − S = 1),
equation 4.7 was further simplified into equation 4.8:
I785
R6G−S
I785
A−S

=

NR6G−S αR6G−S
NA−S αA−S

(4.8)

Dividing equation 4.6 by equation 4.8 leads to equation 4.9. Importantly, since the
SERS spectra of the R6G/adenine mixture at 638 and 785 nm were taken from the same
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sampling area in the same sample, the NR6G-S/NA-S ratios in equations 4.5-4.8 are
identical.

638
𝑅𝑅𝑅6𝐺−𝑆

=

638
I638
R6G−S /IA−S

(4.9)

785
I785
R6G−S /IA−S

Similarly, dividing equation 4.5 by equation 4.8 leads to equation 4.10 for
calculation of the RR enhancement factor for R6G on NP surfaces under 532 nm
excitation.

532
𝑅𝑅𝑅6𝐺−𝑆

=

532
I532
R6G−S /IA−S

(4.10)

785
I785
R6G−S /IA−S

Experimentally, however, we were unable to prepare a single R6G and adenine
mixture for which to reliably determine the R6G and adenine SERS intensity ratios at all
three excitation wavelengths. This is because the difference in the relative SERS
activities of R6G versus adenine is too large under 785 and 532 nm excitations. To
overcome this difficulty, we prepared two series of mixtures that differ in the relative
R6G and adenine concentrations. One series was for determining the ratio between the
R6G and adenine intensity ratios at 532 and 638 nm. The other set was for the ratio of the
R6G and adenine SERS intensity ratios at 785 and 638 nm. Combining these results leads
to quantification of the RRR532
6G − S as depicted by equation 4.11.

532
𝑅𝑅𝑅6𝐺−𝑆
=

532
I532
R6G−S /IA−S
638
I638
R6G−S /IA−S

638

638

/IA−S
× IR6G−S
785
785
IR6G−S/IA−S

(4.11)

The RR enhancement factor of R6G in water can be calculated similarly with
equation 4.12, where RRR638
6G − S is the RR enhancement factor of R6G in water at 638 nm
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638
785
785
excitation. I R638
6G / I A and I R 6G / I A are the R6G and adenine intensity ratios in Raman

spectra obtained with R6G and adenine mixtures at 638 and 785 nm, respectively. This
was outlined in Figure 4.1.

638
𝑅𝑅𝑅6𝐺
=

638
I638
R6G /IA
785
I785
R6G /IA

(4.12)

All the parameters in right-hand side of equations 4.9, 4.11, and 4.12 can be
experimentally measured with the Raman or SERS spectra obtained with R6G and
adenine mixtures at different wavelength excitations. This enables the determination of
the RR enhancement factor of R6G on the SERS substrates without making unverified
assumptions about the experimental parameters, such as the number of analytes adsorbed.
Using equation 4.9 as an example, the general procedure for this double
ratiometric SERS method is described as the following. The SERS spectra of a
R6G/adenine mixture were acquired at the same sampling area with both 785 and 638 nm
785
excitations. Then the Raman intensity ratio of R6G/adenine at 785 nm I R785
6G − S / I A − S was

quantified on the basis of the mixture’s SERS spectrum obtained under 785 nm
638
excitation. Similarly, the Raman intensity ratio of R6G/adenine at 638 nm I R638
6G − S / I A − S

was determined on the basis of the mixture’s SERS spectrum obtained under 638 nm
785
785
638
excitation. Dividing the I R638
6G − S / I A − S by I R 6G − S / I A − S gives the RR enhancement factor

of R6G on NPs during 638 nm excitation.
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Experimental section
Equipment and reagents
All chemicals were purchased from Sigma-Aldrich Inc. (St. Louis, MO).
Nanopure water (18.2 MΩ cm) was used throughout the experiments. A Horiba Jobin
Yvon XploRa integrated confocal microRaman system with Raman excitation
wavelengths of 532, 638, and 785 nm was used for Raman acquisitions. The excitation
lasers can be changed automatically by changing the settings digitally. The laser was
focused onto the sample through a 10X (NA = 0.25) dry or a 60X (NA = 1) water
immersion Olympus objective. UV–visible measurements were taken using a Fisher
Scientific Evolution 300 UV–visible spectrometer.
Normal Raman cross-section of R6G
The normal Raman cross-section of R6G in water was determined by using
methanol as an internal reference. Normal Raman spectrum of R6G in a 50%
methanol/water cosolvent was obtained with a mixture solution contained in a 2 mL glass
vial. The methanol and R6G concentrations were 12.3 M and 5 mM, respectively. The
spectrum was taken with a 10X objective with an integration time of 500 s using a 785
nm excitation laser. The laser power on the sample was 40 mW. The Raman cross-section
ratio of R6G and methanol was determined by dividing the Raman intensity peak area
ratio between R6G at 1510 cm–1 and methanol at 1020 cm–1 in the mixture’s Raman
spectrum by the R6G/methanol concentration ratio. Since the Raman cross-section of the
methanol C–O stretch is known,130 the R6G Raman cross-section can be calculated with
equation 4.13.
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σR6G =

785
I785
R6G /IM σ
CR6G /CM M

(4.13)

785
Here σR6G and σM are R6G and methanol Raman cross sections, I R785
6G and I M are the

R6G and methanol peak intensities in the normal Raman spectrum obtained with a
R6G/methanol mixture in which the R6G and adenine concentrations are CR6G and CM
respectively.
RR enhancement factor of R6G in water
Normal Raman spectra of the R6G/adenine mixture at 785 or 638 nm excitation
were obtained with the adenine and R6G solution contained in a 2 mL glass vial. The
R6G and adenine concentrations were 1 mM and 161 mM, respectively. All adenine
samples used for normal Raman acquisitions were diluted with water from a 645 mM
adenine stock solution prepared using 1 M NaOH. NaOH was needed to ensure adenine
solubility. The spectra were taken with a 10X objective with an integration time from 200
s for the 638 nm excitation to 2000 s for the 785 nm excitation. The laser powers for 638
and 785 nm excitations were ~10 and ~40 mW, respectively. The RR enhancement factor
of R6G with 638 nm excitation was calculated using equation 4.12 on the basis of the
Raman spectra of the R6G/adenine mixture. The RR enhancement factor of R6G with
532 nm excitation was determined on the basis of the reported R6G RR cross-section that
was experimentally quantified using the stimulated Raman spectrum of R6G.130 The RR
enhancement factor of R6G in water at 532 nm excitation was achieved by dividing the
R6G RR cross-section by its normal Raman cross section.
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RR enhancement factor of R6G on AuNPs and AgNPs
Briefly, 500 μL of adenine/R6G mixture solution was added into an equal volume
of an as-synthesized AuNP or AgNP colloidal solution in a 2 mL glass vial. The R6G and
adenine nominal concentrations in the R6G/adenine/NP solutions used for different
excitation wavelengths and NPs were shown in the figure caption of Figure 4.6. After
mixing the R6G/adenine solution with NPs using a vortex machine, 20 μL of 5% KCl
was added to induce NP aggregation. The AuNPs and AgNPs were completely
aggregated and settled to the bottom of the sample vial after ~4 h. After removal of most
of the supernatant in the R6G/adenine/NP/KCl mixtures, ~10 μL of the precipitated
AuNPs or AgNPs containing both R6G and adenine were transferred to a stainless-steel
based RamChip slide (Z&S Tech. LLC) for SERS acquisition. It is important to note that
the excess R6G and adenine in the supernatant has to be removed from deposited NPs
before the SERS acquisition. Otherwise, the R6G fluorescence interferes with SERS
acquisition, particularly at 532 nm excitation. The laser power on the sample varied from
0.1 to 4 mW for SERS measurements, and the spectral integration time varies from 20 to
2000 s. The Raman shift was calibrated with a neon lamp and the Raman shift accuracy
was ~0.5 cm–1.
Results and discussions
Normal Raman cross-section of R6G
The R6G Raman cross-section of the vibrational transition corresponding to its
1510 cm–1 peak is calculated by using the methanol C–O stretch at 1020 cm–1 as the
internal reference. Figure 4.2 shows the normal Raman spectrum obtained with 785 nm
excitation for 5 mM R6G dissolved in a 50% methanol aqueous solution. Evidently even
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though the R6G is over 1000 times more diluted than methanol, their peak intensities are
quite comparable. This indicates that the Raman cross-section of R6G is much higher
than that of methanol. Using the literature Raman cross-section of 1.6 × 10–29 cm2
molecule–1 for the methanol CO stretching peak at 1020 cm–1,130 the Raman cross-section
of the R6G 1510 cm–1 peak is calculated to be (8.6 ± 0.9) × 10–27 cm2 molecule–1 with
equation 4.13 shown in the experimental section. This value is ~540 times higher than
that methanol CO stretch at 1020 cm–1. Three independent Raman measurements were
used for calculation of the R6G Raman cross sections.

Figure 4.2

Normal Raman spectra of R6G and methanol.

Notes: Representative Raman spectra of (A) 50% methanol aqueous solution, (B) ~2 mM R6G in
water, and (C) R6G in 50% methanol/water cosolvent where the methanol and R6G
concentrations are 12.3 M and 5 mM respectively. The black dash line marks the methanol C–O
stretching peak, and the red dash line for the R6G 1510 cm–1 peak. Normal Raman spectra were
acquired by transferring 1.3 mL of the sample solutions of either methanol/water or R6G/
methanol/water solutions into a 2 mL glass vial. The spectral integration time varied from 250 to
500 s with a 785 nm laser. The laser power on the sample was 40 mW. The spectra were scaled
and offset for clarity. The numbers inside the parentheses are the scaling factors that are different
from 1.
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RR enhancement factor of R6G in water
The RR enhancement factor of R6G at 638 nm excitation was obtained by using
adenine as an internal reference. Figure 4.3A shows the Raman spectra of a R6G/adenine
mixture acquired at 638 and 785 nm excitations. The R6G resonance enhancement at the
638 nm is immediately evident by comparing the R6G/adenine intensity ratios between
Raman spectra obtained with the 785 and 638 nm excitations. While the adenine features
dominate the R6G/adenine solution Raman spectrum when excited at 785 nm, the R6G
feature is significantly higher than the adenine feature in the Raman spectrum obtained
with 638 nm excitation for the same R6G/adenine solution. The RR enhancement factor
for R6G in water is 9.18 ± 0.98 at 638 nm, which was calculated with equation 4.12 on
the basis of three independent Raman spectra obtained with a solution containing 1 mM
R6G and 161 mM adenine. The significant R6G RR enhancements observed at 638 nm in
this work disagrees with the recent report that R6G has no resonance enhancement with
633 nm excitation.21 Instead, relatively strong RR enhancement (~10-fold) was revealed
for R6G in water excited at 638 nm, despite the fact that this wavelength is red-shifted
over 100 nm from the R6G′s UV–vis λmax. Le Ru et al. also noticed the presence of a RR
enhancement for R6G at 633 nm, but the degree of this enhancement was not
quantified.47
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Figure 4.3

Normal Raman spectra obtained with both 638 and 785 nm excitations for
R6G and adenine.

Notes: Normal Raman spectra obtained with both 638 and 785 nm excitations for (A) a
R6G/adenine (1 mM/161 mM) solution, (B) ∼2 mM R6G, and (C) ∼161 mM adenine. The laser
powers impinged on the samples are ∼40 mW and ∼10 mW for the 785 and 638 nm excitation,
respectively. Spectra were scaled and offset for clarity. The numbers inside the parentheses are
the scaling factors that are different from 1. The blue and red dash-line indicated the adenine and
R6G peaks used for computing the R6G RR enhancement factors.

The RR enhancement factor for R6G in water at 532 nm cannot be obtained with
the experimental scheme shown in Figure 4.1 because of the strong R6G fluorescence at
this excitation wavelength. However, this RR enhancement factor can be deduced on the
basis of the R6G RR cross-section of 2.3 × 10–23 cm2 molecule–1 that was obtained with
the stimulated Raman spectrum of R6G at 532 nm excitation,130 and the normal R6G
cross-section of (8.6 ± 0.9) × 10–27 cm2 molecule–1 determined in this work. Dividing the
R6G RR cross-section at 532 nm excitation by its normal Raman cross-section gave a RR
enhancement factor of (2.7 ± 0.3) × 103 for R6G in water at 532 nm. This is the first
experimental measurement of the RR enhancement factor for R6G in water. Our
experimental RR enhancement factor is 2 orders of magnitude smaller than that (105)
predicted by density functional theory (DFT) for R6G in gas phase.128 Furthermore, it is
more than 4 orders of magnitude smaller than the 107 R6G RR enhancement proposed by
Dieringer et al.54
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Figure 4.4

Raman spectra acquired with 785 nm excitation for adenine and R6G in
water.

Notes: Raman spectra acquired with 785 nm excitation for (A) ∼161 mM adenine, (B) ∼2 mM
R6G, and (C) R6G/adenine (1.7 mM/96.8 mM) in water. The laser powers impinged on all three
samples are ∼40 mW. Spectra are offset for clarity. The blue and red dash lines represent the
adenine and R6G features used for calculation of the relative R6G/adenine Raman activity. The
numbers inside the parentheses are the scaling factors that are different from 1.

R6G Raman cross-section of the 1510 cm–1 peak is 33 ± 3 times higher than that
of adenine employing the assumption that there is no RR enhancement for either R6G or
adenine when excited at 785 nm. The R6G/adenine Raman activity ratio is calculated
from the normal Raman spectra taken with a R6G and adenine mixture solution at 785
nm excitation (Figure 4.4). This is the first quantitative comparison of the Raman
activities of R6G and adenine, two of the most commonly used molecules in SERS
studies. This higher R6G Raman activity is consistent with R6G′s more extensively
conjugated π electrons, which makes R6G much more polarizable than adenine.
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RR enhancement factor of R6G on nanoparticles

Figure 4.5

SERS spectra obtained with 532, 638, and 785 nm excitation for a
R6G/adenine solution, R6G, and adenine adsorbed onto NP aggregates.

Notes: (Left) SERS spectra obtained with 638 and 785 nm excitation for (A) a R6G/adenine (0.4
μM/4.5 μM) solution, (A1) R6G, and (A2) adenine adsorbed onto AuNP aggregates. (Middle)
SERS spectra with 638 and 785 nm excitation for (B) a R6G/adenine (12.0 μM/7.7 μM) solution,
(B1) R6G, and (B2) adenine adsorbed onto AgNP aggregates. (Right) SERS spectra obtained
with 638 and 532 nm excitation for (C) a R6G/adenine (6.0 μM/10.0 μM) solution, (C1) R6G,
and (C2) adenine adsorbed onto AgNP aggregates. NP aggregates were deposited onto the
Ramchip slides before SERS acquisition. The impinged laser powers for the SERS acquisition
were 4, 1, and 0.1 mW for the 785, 638, and 532 nm excitations, respectively. Spectra were
scaled and offset for clarity. The numbers inside the parentheses are the scaling factors that are
different from 1. The blue and red dashed lines indicated the adenine and R6G peaks used for
computing the R6G RR enhancement factors.
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Figure 4.5 presents the representative SERS spectra obtained with R6G, adenine,
and R6G/adenine solutions under different excitation wavelengths. It is emphasized that
the two spectra in each of the nine plots in Figure 4.5 were obtained with the same SERS
samples but with different Raman excitations. The SERS spectra were taken with
aggregated AgNPs and AuNPs deposited onto Ramchip slides that are stainless-steelbased normal Raman substrates with essentially no fluorescence and Raman
background.85, 131 The reason to use AgNP and AuNP aggregates immobilized on a solid
support, instead of the NP aggregates dispersed in solution, was to minimize the possible
spectral variation induced by the change of NP aggregation states in solution.
Importantly, the Xplora Raman microscope (Horiba) used for this study is fully
automated, so the three excitation wavelengths were changed by simply varying the
wavelength settings by computer. This enables our sequential SERS at different
excitation wavelengths to probe the identical sampling areas. This precaution ensures that
the NR6G-S/NA-S ratio remains almost identical under sequential SERS acquisitions. This
point is a prerequisite for employing equations 4.9-4.12. In addition, computerized
neutral density filters were used to control the excitation laser power to minimize
possible photo/thermal sample damage during the spectral acquisitions. Raman
measurements showed that there was no significant difference in the SERS spectra
obtained with a R6G/adenine solution control at 785 nm excitation, before and after
sequential SERS acquisition at 638 and 532 nm excitations performed at the same sample
(Figure 4.6). This confirmed that no significant sample drift or photo/thermal damage
occurred.
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Figure 4.6

Comparison of the SERS spectrum of R6G/adenine mixture obtained at
785 nm excitation before and after sequential SERS acquisition at 638 nm
and 532 nm excitations.

Notes: SERS spectra acquired with 785 nm excitation wavelengths on the same sampling position
for a R6G and adenine mixture that were co-adsorbed onto the aggregated (A) AuNPs and (B)
AgNPs (a) before and (b) after sequential 638 and 532 nm spectral acquisition using the
conditions specified in Figure 4.5. The R6G and adenine SERS spectra were shown to facilitate
identification of their respectively SERS features in the mixture SERS spectrum. The high
similarity between spectrum (a) and (b) in both samples indicates that there no significant
photothermal sample damage under the spectral acquisition conditions.

Determination of the RR enhancement factor for R6G on AuNPs upon excitation
at 532 nm was unsuccessful because of low AuNP SERS activity at this wavelength. This
has been attributed to a strong gold interband transition in this wavelength region.21, 127
As a result, AuNPs can exert a strong inner filter effect on SERS measurements by
absorbing the excitation laser and Raman photons in this wavelength range. Detailed
experimental and theoretical studies of this often-overlooked AuNP inner filter effect on
SERS can be found from recent publications by us108 and by Carney et al.127
The R6G/adenine intensity ratios in the SERS spectra obtained at 532 and 638 nm
excitations are significantly higher than that in their respective counterpart spectrum
acquired at 785 nm excitation (Figure 4.5). This manifests the strong RR enhancements
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for R6G on NPs at both 532 and 638 nm excitations. Table 4.1 displays the RR
enhancement factors for R6G in water and adsorbed onto both AgNPs and AuNPs. They
are calculated with equations 4.9, 4.11, and 4.12 on the basis of the Raman or SERS
spectra of the R6G/adenine solutions shown in Figures 4.3 and 4.5.
Table 4.1

Water
AuNPs
AgNPs

Resonance Raman Enhancement Factors (RR EF) of R6G in Water and
Adsorbed onto AuNPs and AgNPs.
RR638 EF
9.18 ± 0.98
10.49 ± 1.55
8.89 ± 2.37

RR532 EF
(2.7 ± 0.3) x 103
NA
537.6 ± 214.8

Notes: Error represented one standard deviation obtained with three independent measurements.
With the only exception of the R6G RR532 EF in water that is induced in this work from a
literature simulated RR cross-section,130 all the other values are experimentally quantified by
using equations 4.9, 4.11, and 4.12.

The RR enhancement factors for R6G in water and on AuNPs or AgNPs are very
similar at 638 nm excitation. They also are significantly smaller than RR enhancement
factor at 532 nm excitation for R6G adsorbed onto AgNPs or dissolved in water (Table
4.1). This is consistent with the fact that 532 nm excitation is closer to the R6G UV–vis
peak wavelength at 527 nm. Importantly, however, the RR enhancement factor at 532 nm
for R6G adsorbed on AgNPs is significantly smaller than (1) the theoretical 105 RR
enhancement calculated for gas phase R6G,128 (2) the proposed up to 107 RR
enhancement by Dieringer et al.,54 and (3) the experimental 2.7 × 103 enhancement for
R6G in water deduced in this work. This shows that AgNP binding reduces the R6G RR
enhancement at 532 nm. This is the first experimental demonstration that plasmonic
nanoparticles can reduce the RR enhancement of dye molecules. This result is in
consistent with the earlier report that the resonance SERS enhancement factor for R6G on
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silver island film is lower than the nonresonance SERS enhancement.121 It also provides
direct experimental support for the recent theoretical predication by Sun et al. that surface
plasmons reduces resonance Raman enhancement.122

Figure 4.7

Determine the fraction of R6G adsorbed onto AgNPs.

Notes: (blue) Additive UV-vis spectrum of AgNPs and R6G that is obtained by addition of the
UV-vis spectra of R6G control and AgNP control; (red) experimental UV-vis spectrum of the
AgNP and R6G mixture that was taken 17 hrs after mixing AgNP and R6G. The AgNP and R6G
concentrations in the control and the sample were identical. Inset: (black) UV-vis spectra of R6G
control, (red) UV-vis spectra of R6G that remains free in the (AgNP/R6G) mixture where the
AgNPs and the surface adsorbed R6G was removed by centrifugation. The nominal R6G
concentration in the AgNP/R6G mixture was 2.65 µM and concentration of the AgNPs was 5X
diluted from the as-synthesized AgNPs. The amount of R6G adsorbed onto the AgNPs, deduced
from the spectra in the inset, was 0.51 µM. This indicates that less than 20% of the R6G mixed
with the colloidal AgNPs was adsorbed onto the AgNPs.

AgNP binding may enhance the dephasing rate of the excited molecules, which
reduces the resonance Raman of an analyte on plasmonic NPs, as recently proposed.122
AgNP binding may also change the R6G UV–vis spectral features in the 532 nm regions.
Our group and others proved that an analyte’s UV–vis absorbance can totally disappear
or be significantly reduced upon binding to plasmonic nanoparticles.132-134 Unfortunately,
studying the effect of AgNP binding on R6G′s UV–vis spectrum was unsuccessful
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because the UV–vis signal of the R6G/AgNP solution was overwhelmed by the presence
of free R6G in solution under our experimental conditions. The fraction of R6G adsorbed
onto AgNPs was too small to observe any possible R6G UV–vis spectrum change
induced by AgNPs (Figure 4.7).

Figure 4.8

Raman spectrum of adenine in water with an integration time of 1 s at a
laser power of 10.9 mW.

Notes: The amount of the adenine probed is ~24 fmol, calculated by assuming the sampling
volume is 150 fL (160 mM adenine within a laser focal spot size of ~2 μm in diameter and focal
depth of ~50 μm) with a 60× water immersion lens (NA = 1) for our Xplora confocal Raman
microscope system. Importantly, the focal volume used in calculating the amount of the probed
adenine is 100 times larger than the theoretical focal volume estimated on the information by the
maker of the Xplora instrument (Horiba) in which the diameter of the focal spot is 1 μm and the
focal depth is 2 μm at 532 nm excitation.
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A simple back-of-the-envelope calculation revealed that even with the damped
RR enhancement for R6G on AgNPs, a combined chemical and electrical SERS
enhancement of 106 is sufficient to explain the single-molecule R6G SERS activities
observed under resonance excitations. R6G’s cross-section is ~33 times higher than that
of adenine, and R6G has a RR enhancement of ~537 on AgNPs at 532 nm, therefore an
average AgNP SERS enhancement factor of 106 would make the SERS sensitivity for
R6G on AgNPs (1.7 ± 0.6) × 1010 times higher than that for adenine in water at 532 nm.
Control experiments showed that normal Raman spectra can be readily obtained with
only ~24 fmol of adenine in a ~150 fL laser focal volume during 532 nm excitation with
a 1 s integration time and a laser power of 10.9 mW before a water-immersion lens
(Figure 4.8). These controls indicate that a resonance SERS sensitivity of R6G on AgNPs
is ~0.85 molecule under the experimental conditions used for the adenine Raman spectral
acquisition. This sensitivity is clearly sufficient to explain the single-molecule resonance
SERS reported in the literature for R6G in AgNP junctions, where the SERS
enhancement is believed to be two to 3 orders of magnitude higher than the average
AgNP SERS enhancement.40, 55-56, 135-136 This result also excludes the possibility of strong
chemical enhancement for R6G on AgNPs because AgNP electromagnetic enhancement
alone can provide an average SERS enhancement of ~106.128 Indeed, if any significant
chemical enhancement existed, it would be much easier to detect single-molecule SERS
spectra of R6G, regardless whether or not it is located in the NP junctions.
The above back-of-the-envelope calculation strongly suggests that the
exceedingly high SERS enhancement factor (a combined chemical, RR, and
electromagnetic enhancement of ~1014) reported in earlier single-molecule R6G SERS
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studies is unlikely to be accurate. If such a high SERS enhancement is indeed in effect,
the SERS sensitivity of R6G adsorbed on AgNPs would be 3.3 × 1015 higher than normal
Raman of adenine in water. Therefore, the SERS signal from 4.4 × 10–6 R6G molecules
on AgNPs would be comparable to the adenine Raman signal (~40 counts/s) shown in
Figure 4.8. In this case, the SERS signal from a single R6G molecule on AgNPs would
be ~130 times higher than the saturation intensity (65536 counts) for a 16-bit CCD
detector that is commonly used in Raman instruments. However, to our knowledge, there
have been no literature reports showing that the single-molecule R6G SERS is too intense
to be detected. Instead, the spectral signal-to-noise ratios are generally poor in the
reported single-molecule R6G SERS spectra obtained under the experimental conditions
comparable, to those that we used for adenine in water shown in Figure 4.8. Indeed, a
combined resonance SERS enhancement of ~109 from our back-of-the-envelope
calculation (electromagnetic enhancement of ~106 combined with a RR enhancement of
~103) is more consistent with experimental results in reported single-molecule R6G
SERS. This conclusion is also line with the several recent reports that an overall SERS
enhancement of 109 to 1010 is sufficient to explain single-molecule R6G SERS
sensitivity.47, 54, 137
Conclusions
In summary, by applying a double ratiometric method, we probed for the first
time the effect of NP binding to an analyte’s RR enhancement. With R6G′s high Raman
cross-section and its ability to undergo RR enhancement, an average AgNP
electromagnetic enhancement of 106 is sufficient to explain the single-molecule
resonance SERS activity reported for R6G in NP junctions. This conclusion holds true
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despite the fact that AgNP damps R6G RR enhancement and under the assumption that
R6G has no chemical enhancement. In addition, the double ratiometric method reported
herein should pave the way for quantitative studies of RR enhancement in Raman and
SERS.

Notes: This work has been previously published: Ameer, F. S.; Pittman, C. U.; Zhang, D.
Quantification of Resonance Raman Enhancement Factors for Rhodamine 6G (R6G) in Water
and on Gold and Silver Nanoparticles: Implications for Single-Molecule R6G SERS. J. Phys.
Chem. C 2013, 117, 27096-27104.

75

CHAPTER V
WAVELENGTH-DEPENDENT CORRELATIONS BETWEEN UV-VIS INTENSITIES
AND SERS ENHANCEMENT FACTORS OF AGGREGATED GOLD AND
SILVER NANOPARTICLES

(Published in J. Phys. Chem. C 2014; 118: 22234-22242)

Abstract
The wavelength-dependent correlations between UV–vis intensities and surface
enhanced Raman spectroscopic (SERS) enhancement factors (EFs) of aggregated gold
and silver nanoparticles (AgNPs and AuNPs) were investigated using two experimental
approaches. The first is to study the time-resolved SERS EFs under three fixed excitation
wavelengths (532, 632, and 785 nm), each as a function of nanoparticle (NP) aggregation
states. The second is to compare SERS EFs at these three excitation wavelengths for a
series of protein-stabilized AuNP or AgNP aggregates. The SERS EFs were determined
using a solvent internal reference method. The NP UV–vis intensity is an excellent
indicator for identifying the optimal aggregation state for the AgNP-based SERS
acquisitions under each of the three excitation wavelengths and for the AuNP-based
SERS under 632 nm excitation. However, the NP UV–vis intensity is an unreliable
predictor of the optimal excitation wavelength for either AuNPs or AgNPs.
Computational simulations reveal that the NP SERS enhancement is much more sensitive
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than NP UV–vis intensity to small changes in the NP aggregation states. In addition to
enhancing the understanding of the correlation among NP aggregation, UV–vis intensity,
and SERS activity, the techniques and insights derived from this work should be
important for developing sensitive and reproducible colloidal-NP-based SERS
applications.
Introduction
Surface enhanced Raman spectroscopic (SERS) enhancement arises primarily
from the localized surface plasmonic resonance (LSPR) of noble metal nanostructures
that include gold and silver nanoparticles (AuNPs and AgNPs).7, 9, 138-142 Therefore, SERS
enhancement should depend strongly on the Raman excitation wavelength and NP UV–
vis spectrum that measures the NP LSPR. However, conclusions from experimental
studies on the correlations among SERS enhancement factor (EF), Raman excitation
wavelength, and NP UV–vis intensities have been controversial.21 Some researchers have
demonstrated that maximum SERS enhancement occurs when the Raman excitation laser
wavelength is in line with the NP peak UV–vis wavelength.109, 143-144 Other researchers
have proposed that the SERS enhancement has no significant correlation with the NP
UV–vis intensity at the Raman excitation wavelength from 514 to 785 nm.25, 145-146
Therefore, a thorough and systematic study of this subject is critical for enhancing our
understanding of SERS phenomena. Furthermore, most of the previous studies on the
correlations among the NP UV–vis intensities, SERS enhancement factors, and Raman
excitation wavelength are conducted with NP immobilized on solid supports.25, 40, 62, 145
Reliable determination of UV–vis spectral features and SERS activities for these samples
can be very challenging. For example, it is currently impossible to experimentally
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measure the NP surface area and the number of the molecules adsorbed onto the NP
surfaces,45, 51, 129 which casts uncertainty on reliability of the SERS EFs determined for
these samples. In contrast, the amount of the model molecules adsorbed onto colloidal
NPs can be readily estimated through a series of analytical methods,85, 147-149 and the
SERS EF of the model molecules can be reliably determined with the recently reported
solvent internal reference method.108, 129 With this method, the measurement uncertainties
originated from the laser power fluctuation, Raman photon collection efficiency, effect of
nanoparticle inner filter, and Raman sampling volumes are eliminated.108, 129 As a result,
studying SERS activities of NP aggregates dispersed in solution should provide a more
reliable picture regarding the correlations of the NP UV–vis intensity, SERS EF, and
Raman excitation wavelengths. Colloidal AgNPs and AuNPs are the most commonly
used SERS substrates due to their simplicity of preparation and SERS acquisition.
Isolated AuNPs or AgNPs have very low SERS activities. Therefore, the colloidal NPs
are commonly aggregated after analyte addition and before the SERS measurement. This
aggregation process provides a simple mechanism to generate SERS hotspots, the
interstitial gaps between adjacent NPs in NP aggregates, and to trap analytes inside these
hotspots. However, NP aggregation can make reproducible SERS acquisition challenging
because NP aggregation is a highly dynamic process in which the average NP size and
size distribution continuously change.32, 150-151
We recently demonstrated that time-resolved SERS EFs of aggregated AuNPs and
AgNPs under the excitation wavelength of 632 nm correlate strongly with their timeresolved UV–vis intensities at the Raman excitation wavelength.129 Maximum SERS
enhancement is observed when the UV–vis intensity of the aggregated NPs reaches
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maximum at the excitation wavelengths.108, 129 These results suggest that UV–vis can
pinpoint the optimal NP aggregation state for optimal SERS acquisition at a given Raman
excitation wavelength. However, the generality of this experimental observation to other
Raman excitation wavelengths is currently unknown. Undoubtedly, the SERS sensitivity
and reproducibility could be significantly improved if one can pinpoint and stabilize NP
aggregates at its optimal aggregation state. Realization of this potential, however,
requires detailed understanding of the correlation among NP aggregation, UV–vis
absorption, and SERS activities at different excitation wavelengths.
Presented herein is an experimental and computational study of the wavelengthdependent correlations between UV–vis intensities and SERS EFs of aggregated AgNPs
and AuNPs. Two experimental approaches were used in this work. The first is to explore
the correlation between the NP time-resolved SERS EFs and its time-resolved UV–vis
intensities at each of the three most commonly used Raman excitation wavelengths (532,
632, and 785 nm). These time-resolved SERS EFs and UV–vis intensities are extracted
from the time-resolved SERS and UV–vis spectra obtained with AuNPs or AgNPs as a
function of NP aggregation time. Understanding such correlation is critical for
pinpointing the optimal NP aggregation state for sensitive SERS measurements at a fixed
Raman excitation wavelength. The second is to explore the correlation between SERS
EFs and UV–vis intensities for a series of AuNP or AgNP aggregates that are stabilized
with protein bovine serum albumin (BSA).152 In addition, the effectiveness of BSA
quenching NP aggregations was also evaluated. Polymer including protein stabilization
of NP and NP aggregation has been reported before.152-157 However, the effectiveness of
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the polymer quenching of NP aggregation as a function of NP aggregation states has, to
our knowledge, not been examined.
2-Mercaptobenzimidazole (MBI) was chosen as the probe analyte because of its
excellent stability in aqueous solution158 and its high binding affinity to AgNPs and
AuNPs.85, 110, 158-159 The SERS EFs were determined using the recently reported solvent
internal reference method.129 This method reduces measurement uncertainty resulting
from the NP inner filter effect on Raman signal detection and fluctuations in instrument
photocollection efficiency and excitation laser power.108, 129, 160 Figure 5.1 shows the
experimental scheme for preparation of the BSA-stabilized, MBI-adsorbed NPs
aggregates (Figure 5.1A) and for quantitative determination of the SERS EFs of the
stabilized NPs under different excitation wavelengths (Figure 5.1B). Detailed derivation
and justification of the equations in Figure 5.1 are available from a previous
publication.129 For the sake of simplicity, multi-component solutions are referred to as
((A/B)/C)/D in which the components in the inner parentheses are mixed together first
before the addition of the component outside the parentheses.
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Figure 5.1

Experimental scheme for determining the SERS EF of MBI on BSAstabilized AuNP or AgNP aggregates using ethanol as an internal reference.

Notes: (A) Schematic representation of the preparation of BSA-stabilized AuNP or AgNP
aggregates. After mixing the submonlayer MBI (red ∗) with NPs, an appropriate amount of KCl
was added into the NP solutions to initiate NP aggregations. The degree of NP aggregation is
controlled by the delay between KCl and BSA addition. (B) Experimental scheme for
determining the SERS EF of MBI on BSA-stabilized AuNP or AgNP aggregates using ethanol as
an internal reference. IMBI/EtOH and CMBI/EtOH represent MBI/ethanol Raman intensity ratio and
concentration ratio, respectively. λi stands for the excitation wavelength that can be 532, 632, or
785 nm. Superscripts NP and NR represent SERS and NR samples.

Experimental section
Chemicals and equipment
All chemicals were purchased from Sigma-Aldrich Inc. Nanopure water (18.2
MΩ cm) was used throughout the experiments. AgNPs and AuNPs with nominal
diameters of 30 nm were purchased from Nanocomposix Inc (Figure 3.2). The AgNPs
and AuNPs were diluted to the same concentration (0.15 nM) before use. The RamChip
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slide used for the SERS spectral acquisition was obtained from Z&S Tech, LLC.
Importantly, the RamChip is a normal Raman substrate that is both fluorescence and
Raman-background free.85, 131 The normal Raman and SERS spectra were obtained with a
Horiba Jobin-Yvon LabRAM Aramis integrated confocal microRaman system with
Raman excitation wavelengths of 532, 632, and 785 nm. The excitation lasers can be
changed automatically by changing the settings digitally. The laser was focused onto the
sample through a 10× (NA = 0.25) Olympus objective and a spectrograph grating of 300
grooves/mm. UV–vis spectra were taken using an Olis HP 8452 diode array
spectrophotometer.
Time-resolved SERS of (NP/(MBI/ethanol))/KCl mixtures
In brief, 650 μL of a 0.15 nM AgNP or AuNP solution was mixed with an equal
volume of MBI/ethanol mixture solution in a cuvette. In all of our experiments, the
amount of MBI added into the NP solution was significantly less than the full monolayer
MBI packing capacity of the NPs. The NP/(MBI/ethanol) mixtures were left at ambient
conditions overnight before the KCl addition to ensure complete MBI adsorption.51 For
the SERS measurements, the cuvette was sealed by a piece of paraffin with a hole (∼2
mm in diameter) in its center for KCl addition and for the back-illumination SERS
acquisition.108, 129 After acquisition of the Raman spectrum of the NP/(MBI/ethanol)
solution, 25 μL of 20% KCl solution (the aggregation agent) was added under constant
stirring into the NP/(MBI/ethanol) mixture. This was followed by immediate timeresolved SERS acquisition with a spectral integration time of 1 s for each spectrum. The
solution was under constant magnet stir during the entire spectral acquisition. No
significant solvent evaporation was observed during the ∼30 min spectral acquisition.
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The laser power on the sample varied from ∼5.2 to ∼40.8 mW for SERS measurements.
The Raman shift was calibrated with a neon lamp, and the Raman shift accuracy was
∼0.5 cm–1.
Normal Raman acquisition
Normal Raman spectra of the MBI/ethanol mixture at 532, 632, and 785 nm
excitations were acquired with the MBI/ethanol mixture in a UV–vis cuvette. The MBI
and ethanol nominal concentrations were 190 mM and 2 M, respectively. The spectra
were taken with a 10× objective with an integration time of 100 s. The laser power on the
sample was ∼10.5 mW for 532 and 632 nm excitation wavelengths and ∼40.8 mW for
785 nm excitation wavelength.

Time-resolved ultraviolet–visible spectroscopy
Time-resolved UV–vis measurement was used to monitor the NP LSPR change as
a function of NP aggregation time for NP/(MBI/ethanol) mixtures that were prepared
exactly the same way as for the time-resolved Raman measurements. Similar to timeresolved Raman spectral measurement, time-resolved UV–vis spectra were taken
immediately before and after the addition of 25 μL of 20% KCl into the
NP/(MBI/ethanol) mixtures. The time interval between each consecutive spectral
acquisition was 1 s with an integration time of 1 s for each spectrum. The solution was
under constant magnetic stir during the entire spectral acquisition process. The same
cuvette and the stirrer were used in the time-revolved UV–vis and time-resolved SERS
acquisition. This is important to ensure that the NP aggregation kinetics is approximately
the same during the time-resolved UV–vis and SERS acquisitions.
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Static-steady SERS and ultraviolet–visible acquisition of the BSA stabilized NP
aggregates
In brief, 1 mL of 0.15 nM AgNP or AuNP solution was mixed with an equal
volume of MBI solution in a glass vial. The mixtures were left at ambient conditions
overnight to allow MBI adsorption onto the NPs. Then 25 μL of 20% KCl solution (the
aggregation agent) was added under constant stirring into the incubated NP/MBI
mixtures to initiate NP aggregations, and the NP aggregation was quenched by addition
of 1 mL of 20 μM BSA. The degree of the NP aggregation was controlled by the delay
between KCl and BSA addition. An amount of 650 μL of the ((NP/MBI)/KCl)/BSA
mixture was mixed with an equal volume of ethanol. This was followed by immediate
time-resolved Raman spectral acquisition. The laser power on the sample varied from
∼2.6 to ∼40.8 mW for SERS measurements, and the spectral integration time was varied
from 10 to 100 s.

Computational modeling
Wavelength-dependent correlation of the NP UV–vis intensity and SERS activity
was also probed using computational modeling in which the 30 nm AuNPs were used as
the model NPs. T-matrix method was used in the calculations. In the calculations, we
calculated the UV–vis spectra and corresponding SERS enhancement factors of single
particles and aggregates with two or three particles. For the aggregate with two and three
particles, the geometries were generated using the Monte Carlo method similar to the
previous paper.87-89, 108 The results were averaged over 40 different geometries to ensure
the generality of the calculations. The SERS enhancement factors were also calculated
using a Monte Carlo method. Similar to the previous description,108 molecules are
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randomly generated around the metal NP surface and the results were averaged over one
million times to generate the converged data.
Results and discussions
Correlation between NP time-resolved ultraviolet–visible intensity and SERS EF
Representative time-resolved UV–vis and SERS spectra of aggregated AuNPs
and AgNPs are shown in Figure 5.2. The time-resolved SERS enhancement factor

EF λi (t ) under excitation wavelength of λi was calculated using equation 5.1,
NP�λ

NP ( λ )

�

NR�λ

�

i
i
IMBI/EtOH
(t)/IMBI/EtOH
𝐸𝐹 λi (𝑡) = NP�λ �
NR�λi �
i
CMBI/EtOH
/CMBI/EtOH

(5.1)

in which I MBI / iEtOH (t ) stands for the peak intensity ratio of MBI vs ethanol in the timeresolved SERS spectra of MBI adsorbed onto NPs in aqueous ethanol. Superscript NR
refers to the normal Raman samples of MBI in aqueous ethanol. The only difference
between equation 5.1 and the equation shown in Figure 5.1 of the introduction that
equation 1 is for calculating the time-resolved SERS EF as a function of NP aggregation
time (t), while that shown in Figure 5.1 is for calculating the SERS enhancement factor of
the stabilized AgNPs and AuNPs.
Several precautions were taken to ensure that complete MBI adsorption onto NPs
occurred before the SERS acquisitions. Complete MBI adsorption is important because it
enables us to approximate the MBI concentration on NPs to be the same as the MBI
nominal concentrations (MBI added) in SERS EF calculations. First, the amount of the
MBI mixed with NPs is far less than the monolayer ligand packing capacity of the
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AuNPs and AgNPs estimated on the basis of the published MBI packing density on
AuNPs.85, 110 Second, the MBI/NP mixture was incubated overnight before KCl addition
to initiate the NP aggregation.

Figure 5.2

Experimental confirmation of complete (>95%) MBI adsorbed onto the
AuNPs and AgNPs.

Notes: SERS spectra (a) in (A) and (B) were obtained with the supernatant after centrifugal
removal of the AuNPs and AgNPs together with their surface adsorbed MBI in
AgNP/(MBI/ethanol) and AuNP/(MBI/ethanol), respectively. The spectra (b) in (A) and (B) were
obtained with 0.02 µM and 0.01 µM MBI control in 50 nm AgNPs. The spectra were obtained
with identical conditions. The spectra in the same figure are offset but plotted in the same scale.
The fact high quality SERS spectra is obtained with the low MBI control but not with the NP
supernatant indicates that at least 95% of the MBI in AgNP/(MBI/ethanol) and
AuNP/(MBI/ethanol) were adsorbed onto NPs. The spectral integration was 100 s. The unit for
the Raman intensity is counts-per-second (cps).

Experimental confirmation of complete (>95%) MBI adsorption came from
experimental observations that there is no detectable free MBI in the supernatant of the
MBI/NP mixture after centrifugation removal of NPs together with NP-bounded MBI
molecules (Figure 5.2).
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Figure 5.3

Representative time-resolved UV–vis and SERS spectra obtained at 532
nm, 632 nm, and 785 nm excitation wavelengths with different
AgNP/(MBI/ethanol) and AuNP/(MBI/ethanol) samples.

Notes: (Top row) Representative time-resolved (A) UV–vis and (B–D) SERS spectra obtained at
(B) 532 nm, (C) 632 nm, and (D) 785 nm excitation wavelengths with four different
AgNP/(MBI/ethanol) samples with identical compositions. (Middle row) The time courses of the
(E–G) MBI SERS EFs and the AgNP UV–vis intensities at the excitation wavelengths of 532,
632, and 785 nm, respectively. (Bottom row) Representative time-resolved (H) UV–vis spectra
and (I) SERS obtained with two separate AuNP/(MBI/ethanol) mixtures but of identical
compositions. (J) Time course of the SERS EFs and the combined AuNP UV–vis intensities at
the excitation and Raman photon wavelengths for AuNP aggregates with excitation laser of 632
nm. The nominal concentrations of MBI, AgNP, and ethanol are 0.5 μM, 0.07 nM, and 8.5 M,
respectively. The nominal MBI, AuNP, and ethanol concentrations are 0.25 μM, 0.07 nM, and
0.85 M, respectively. Marked are the ethanol Raman (black ∗) and MBI SERS (red ∗) peaks for
calculating the SERS EFs, respectively. The impinged laser powers for the SERS acquisition
were 5.2, 10.5, and 40.8 mW with a spectral integration time of 1 s for the 532, 632, and 785 nm
excitations, respectively. The SERS spectra were scaled and offset for clarity, but the UV–vis
spectra in the same figure were plotted on the same scale without offsetting. The units for the
Raman intensities in plots B–D and I are counts per second (cps).
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Successful time-resolved SERS spectral acquisitions were achieved for MBI
adsorbed onto AgNPs with all three excitation wavelengths. However, only the 632 nm
excitation gives adequate spectral signal-to-noise ratio (SNR) for AuNPs with the
temporal resolution (1 s) needed in this work. There is no detectable MBI SERS signal on
AuNPs under 532 nm excitation. This is attributed to the strong AuNP interband
transition around 532 nm,21, 127, 160 which induces a strong inner filter effect (light
extinction) on the excitation and Raman or SERS photon at this wavelength region.108, 160
Obtaining time-resolved SERS spectra with adequate spectral SNR temporal resolution
and sufficient spectral SNR was also unsuccessful for AuNPs under the 785 nm laser
excitation. This is likely due to a combination of low analyte Raman activity, low AuNP
SERS enhancement, and low CCD detector quantum efficiency in this wavelength
region. Raman signals are proportional to the fourth power of the excitation frequency.161
Indeed, obtaining an AuNP based SERS spectrum with the 785 nm excitation takes at
least 10 s of spectral integration. This is too long for the time-resolved measurements
because both the NP aggregation state and SERS activity can change significantly during
this time period (Figure 5.3).
The experimental data in Figure 5.3 show that NP SERS activities correlate
strongly with the NP UV–vis intensity at the Raman excitation wavelengths of 632 nm
for AuNPs and 532, 632, and 785 nm for AgNPs. These results indicate that timeresolved UV–vis measurements can be used for predicting the optimal AuNP and AgNP
aggregation states for SERS acquisitions with each of 532, 632, and 785 nm excitations
for the 30 nm AgNPs and 632 nm excitation for the 30 nm AuNPs. The peak SERS EFs
for MBI adsorbed onto AgNPs under 532, 632, and 785 nm Raman excitation are 0.7 ×
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106, 6.3 × 106, and 2.1 × 106, respectively (Figure 5.3). This result indicates that the peak
SERS EF achievable for the 30 nm AgNPs under 632 nm excitation is significantly
higher than that with the 785 and 532 nm excitations.
Wavelength dependent correlation between NP SERS EF and ultraviolet–visible
intensity of quenched NP aggregates
One major challenge in colloidal NP based SERS acquisition is its large signal
variation due to the dynamic nature of NP aggregation that leads to large temporal SERS
signal variation as shown in Figure 5.3. One way to improve the SERS signal
reproducibility and sensitivity is to stabilize NPs that are at their optimal aggregation
states. Synthetic and biopolymers such as polyvinylpyrrolindone (PVP),153, 162 BSA,152
and thiolated polyethylene glycol can quench and stabilize NP aggregates.156 However,
information is lacking about the long-term dispersion stability of the NP aggregates
quenched at different aggregation states. Addressing this issue is important to answering
the question of whether NPs can be quenched at their optimal aggregation states. As it
will be shown later, further NP aggregation cannot be stopped if BSA is added after NPs
are extensively aggregated.
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Figure 5.4

Time-courses of (A) AgNP and (B) AuNP UV–vis intensity as a function
of MBI adsorption, KCl-induced NP aggregation, and BSA quenching.

Notes: Insets a, b, and c showed the representative time-resolved UV–vis spectra for
((NPs/MBI)/KCl)/water, ((NPs/MBI)/KCl)15s/BSA, and ((NPs/MBI)/KCl)30s/BSA,
respectively. The vials in inset d are (I) NP control, (II) ((NPs/MBI)/KCl)/water, (III)
((NPs/MBI)/KCl)15s/BSA, and (IV) ((NPs/MBI)/KCl)30s/BSA. These photographs were taken
overnight after completion of the sample preparation. The nominal MBI, AgNP, KCl, and BSA
concentration for AgNP samples are 0.16 μM, 0.14 nM, 0.08 M, and 2.5 μM, respectively. The
nominal MBI, AuNP, KCl, and BSA concentrations for AuNP samples are 0.08 μM, 0.14 nM,
0.08 M, and 2.5 μM, respectively.

Figure 5.4 shows the UV–vis spectral change of AuNPs and AgNPs as a function
of MBI adsorption, electrolyte-induced NP aggregation, and BSA quenching of NP
aggregations. The notation of ((A/B)/C)t/D represents a four-component mixture in
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which the component D is added with a delay time of t after C is added into an (A/B)
mixture. Adding submonolayer amount of MBI onto AuNP and AgNP induces only a
small change in the NP UV–vis intensity. However, addition of KCl immediately triggers
AuNP and AgNP aggregations. These are evident from the monotonic decreasing of the
NP LSPR peak intensity corresponding to the isolated AuNPs or AgNPs. Without BSA
quenching, the NP aggregation continues until all the NPs are aggregated and eventually
precipitated to the bottom of the sample vials. Addition of BSA within ∼2 min of the KCl
addition immediately stops the NP aggregation (Figure 5.4). It is important to note,

however, that the NP aggregation process can only be slowed, not completely stopped if
the NP has been aggregated for more than ∼2 min before the BSA addition (Figure 5.5).

Figure 5.5

The effect of (NP/MBI)/KCl aging on BSA quenching.

Notes: (A) UV-vis spectra of ((AgNPs/MBI)/KCl)t/BSA where BSA was added 2 min after the
KCl addition into the AgNP/MBI mixture. Spectra in black and red were taken 2 min and 3 h
after the BSA addition, respectively. (B) UV-vis spectra of ((AuNPs/MBI)/KCl)t/BSA where
BSA was added 2 min after the KCl addition into the AuNP/MBI mixture. The nominal NP, KCl,
and BSA concentrations are 0.024 nM, 0.01 M, and 3.3 µM respectively. The nominal
concentrations of MBI in AuNPs and AgNPs containing solutions are 0.08 µM and 0.16 µM
respectively. Spectra in black and red were taken 2 min and 3 h after the BSA addition,
respectively. The relatively large spectral change in the AuNP and AgNP samples indicates that
NP aggregate can’t be completely quenched if the BSA was added 2 min after the KCl addition.
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These results indicate that NP aggregation can only be quenched at the initial
stage of the NP aggregations. The likely reason is that when NP aggregates are too large
before BSA addition, the stabilization forces provided by BSA are inadequate to
counterbalance the interparticle van der Waals interaction or the NP gravimetric forces
that lead to NP aggregation or settlement. Attempts to pinpoint the threshold size beyond
which NP aggregation cannot be stopped were unsuccessful. Dynamic light scattering
measurements showed that the NP aggregates are highly polydispersed.163-164
Figure 5.6 shows the time-resolved SERS spectra of aggregated AuNPs and
AgNPs, both with and without BSA quenching. Without BSA quenching, the MBI SERS
intensity varies significantly as a function of sample incubation time, while the SERS
signal of the BSA quenched NP aggregates remains constant. This result indicates that
BSA quenching is an effective method to improve the reproducibility of SERS
techniques.
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Figure 5.6

Representative time-resolved SERS spectra of (A)
((AgNPs/MBI)/KCl)/water, (B) ((AgNPs/MBI)/KCl)30s/BSA, (C)
((AuNPs/MBI)/KCl)/water, and (D) ((AuNPs/MBI)/KCl)30s/BSA.

Notes: Spectra a–e in plots A–D were obtained at (a) 6 s, (b) 20 s, (c) 30 s, (d) 1000 s, and (e)
3000 s after KCl addition as the aggregation agent. Plots E and F show the MBI SERS intensity
as a function of aggregration time for AgNPs and AuNPs, respectively. Curves plotted using
black boxes and red boxes represent samples without and with BSA, respectively. The laser
power on samples for the SERS acquisition was 1.3 mW, and the excitation wavelength was 632
nm. Spectra were plotted on the same scale but offset for clarity. The nominal concentrations of
MBI, AgNP, KCl, and BSA for the AgNP samples are 0.16 μM, 0.14 nM, 0.08 M, and 2.5 μM
respectively. The nominal concentrations of MBI, AuNP, KCl, and BSA for the AuNP samples
are 0.08 μM, 0.14 nM, 0.08 M, and 2.5 μM, respectively. The unit for the Raman intensities in
plots A–D is counts per second (cps).

The fact that the NP aggregates can be stabilized with BSA provides an excellent
opportunity to study the excitation-wavelength-dependent correlation between the SERS
EF and UV–vis intensities of colloidal NP aggregations. Theoretically, such information
can be derived from the time-resolved UV–vis and SERS measurements as shown in
Figure 5.3. However, this time-resolved approach is only applicable for samples for
which the SERS spectra with adequate SNR can be obtained with a short spectral
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integration time. In these cases, the NP aggregate states and SERS activities can be
assumed to be unchanged during each spectral measurement. In contrast, the BSA
quenching followed by SERS acquisition method allows us to take SERS spectra with
long integration times while keeping the NPs at a fixed aggregation state. This BSA
quenching method should be more broadly applicable as long as the BSA quenching is
conducted before the NPs are excessively aggregated.
Figure 5.7 presents the representative SERS and UV–vis spectra with
(((AuNP/MBI)/KCl)t/BSA)/ethanol and (((AgNP/MBI)/KCl)t/BSA)/ethanol at three
different excitation wavelengths (532, 632, and 785 nm). The three spectra plotted in the
same graph were obtained using the same BSA-stabilized NP aggregate but with different
Raman excitation wavelengths. The samples in parts A1–A4 of Figure 5.7 and in parts
C1–C4 of Figure 5.7 are obtained with AgNPs and AuNPs, respectively. The only
difference among the samples in the same row is the delay (t) between KCl addition to
trigger the NP aggregation and the BSA addition for quenching NP aggregation.
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Figure 5.7

SERS spectra and UV-vis spectra obtained with BSA stabilized NP
aggregates.

Notes: (Top row) SERS spectra obtained with (((AgNPs/MBI)/KCl)t/BSA)/ethanol where BSA
was added (A1) 5 s, (A2) 15 s, (A3) 30 s, and (A4) 45 s after the KCl addition into the
AgNP/MBI mixtures. (2nd row) UV–vis spectra of (((AgNPs/MBI)/KCl)t/BSA)/ethanol samples
used in top rows. (3rd row) SERS spectra obtained with (((AuNPs/MBI)/KCl)t/BSA)/ethanol
where BSA was added (C1) 5 s, (C2) 15 s, (C3) 30 s, and (C4) 45 s after KCl addition into
AuNP/MBI mixtures. (Bottom row) UV–vis spectra of (((AuNPs/MBI)/KCl)t/BSA)/ethanol
samples used in the third row. UV-vis spectra in black and red were taken before and after the
SERS acquisition. The black and red dashed lines in SERS spectra indicated the ethanol and MBI
peaks used for computing the MBI SERS enhancement factors. Dashed lines in UV–vis spectra
indicated the excitation laser wavelengths. The nominal MBI, AgNP, KCl, BSA, and ethanol
concentrations for the AgNP samples are 0.16 μM, 0.024 nM, 0.01 M, 3.3 μM, and 8.5 M,
respectively. The nominal MBI, AuNP, KCl, BSA, and ethanol concentrations in the AuNP
samples are 0.08 μM, 0.024 nM, 0.01 M, 3.3 μM, and 0.84 M, respectively. The SERS were
scaled and offset for clarity, while the UV–vis spectra in the same figure were plotted on the same
scale without offsetting. The numbers inside the parentheses are the scaling factors that are
different from 1. The unit for the Raman intensities in plots A1–A4 and C1–C4 are counts per
second (cps).
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There is no significant change in the NP aggregation state during the sequential
SERS acquisition of the BSA quenched NP aggregates with different excitation lasers.
This conclusion is drawn from the high similarity between UV–vis spectra of
(((NPs/MBI)/KCl)t/BSA)/ethanol before and after the SERS acquisitions (parts B1–B4
and D1–D4 of Figure 5.7). The fact that the Raman intensity ratios of MBI vs ethanol are
significantly different among the SERS spectra obtained with the same NP aggregates but
with different Raman excitation wavelengths (Figure 5.7) reveals the strong excitation
wavelength dependence of the NP SERS EFs for every (((NPs/MBI)/KCl)t/BSA)/ethanol
sample.

Figure 5.8

(Red) SERS EFs and (blue) UV–vis intensities for parts A1–A4
(((AgNPs/MBI)/KCl)t/BSA)/ethanol and parts B1–B4
(((AuNPs/MBI)/KCl)t/BSA)/ethanol at different excitation wavelengths.

Notes: The aggregation time t shown in the plots represents the delay between KCl and BSA
addition into the NP/MBI mixture. The nominal MBI, AgNP, KCl, BSA, and ethanol
concentrations for AgNP samples are 0.16 μM, 0.024 nM, 0.01 M, 3.3 μM, and 8.5 M,
respectively. The nominal AuNP, KCl, BSA, and ethanol concentrations for the AuNP samples
are 0.08 μM, 0.024 nM, 0.01 M, 3.3 μM, and 0.84 M, respectively. Error bars represent 1
standard derivation calculated with three independent measurements.
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UV–vis intensities and SERS EFs of the BSA stabilized AuNPs and AgNPs are
shown in Figure 5.8. These values were calculated on the basis of the UV–vis and SERS
spectra shown in Figure 5.7. Obtaining MBI SERS spectra for AuNPs using 532 nm laser
excitation was again unsuccessful even with a prolonged spectral integration time (500 s)
for any of the AuNP samples, regardless of their aggregated states. The MBI SERS EFs
in the BSA stabilized NPs were calculated using the equation shown in Figure 5.1 with
ethanol as the internal reference. The normal Raman cross-section ratios between MBI
and ethanol, which are needed for calculation of the MBI SERS EFs, are (9.33 ± 0.21),
(9.70 ± 0.22), and (9.01 ± 0.26) at the Raman excitation wavelength of 532, 632, and 785
nm, respectively. These values were determined using the SERS spectra obtained with
the same MBI/ethanol mixture but different Raman excitation lasers (Figure 5.9).

Figure 5.9

Normal Raman spectra of a MBI/ethanol mixture.

Notes: Normal Raman spectra of (top) MBI/ethanol (190 mM/ 2 M) and (bottom) ethanol (2 M)
obtained with (A) 532 nm, (B) 632 nm, and (C) 785 nm excitations. The laser powers impinged
on the samples were 10.5 mW for 532 and 632 nm excitations and 40.8 mW for 785 excitations,
respectively. The spectral integration time was 100 s. Spectra were offset for clarity. The black
and red dash-line indicated the MBI and ethanol peaks used for computing the MBI and ethanol
Raman cross-section ratios at different excitation wavelengths. The numbers inside the
parentheses are the scaling factors that are different from 1. The Raman intensity unit is countsper-second.
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The fact that the Raman cross-section ratio of MBI vs ethanol is approximately
independent of the excitation wavelengths used in this work is expected because neither
MBI nor ethanol should have any significant resonance enhancement under the used
excitation wavelengths.
The most important conclusion from the data in Figure 5.8 is that the NP SERS
EFs under different excitation wavelengths have no strong correlation with the NP UV–
vis intensities at these excitation wavelengths. In other words, UV–vis intensity is an
unreliable predictor for the optimal SERS excitation wavelength when multipeaks due to
different resonance mechanisms are present. This is particularly evident for the AuNP
samples. For example, the aggregated AuNPs shown in parts B1–B4 of Figure 5.8 have
the highest UV–vis intensities at 532 nm, but they have no detectable SERS activity at
this wavelength. This is due to the fact that the resonance peak at around 532 nm
originates from single NPs and induces only a weak SERS enhancement factor in
comparison to the resonance peak at around 600–800 nm which is due to the interparticle
coupling between NPs.
The excitation wavelength dependent correlation between the NP UV–vis
intensities and SERS EFs shown in Figure 5.8 reflects the complexity in understanding
the effect of NP surface plasmonic resonance on its SERS activities. While both NP UV–
vis spectral features and SERS EF depend critically on the size and three-dimensional
arrangement of the NP aggregates, the effect of NP aggregation on the NP UV–vis and
SERS activities can be vastly different. To have a better fundamental understanding of
the connection between UV–vis spectrum intensity and SERS enhancement factor, we
calculated the UV–vis spectra of a AuNP monomer, dimer, and trimer and their
98

corresponding SERS enhancement factor at the three different excitation wavelengths
used in this work. For the simplicity of the calculations and discussion, we took
monomer, dimer, and trimer as examples but varied the gap distance between particles
from 0.5 to 2 nm for the general applicability of the discussion for analytes of different
sizes. Figure 5.10 shows the UV–vis spectra and SERS EFs computed for the AuNP
monomer, dimer, and trimer in which the NP gap size in the aggregated NP varies from
0.5 to 2 nm. Apparently, the correlation between UV–vis intensities and the SERS EFs
depends not only on the excitation wavelengths but also on the gap sizes and the number
of the NPs in the NP aggregates. As an example, increasing the NP gap distance from 0.5
to 2 nm reduces the AuNP SERS activities by 685 times at the wavelength of 632 nm,
which is about 90 times higher than UV–vis intensities reduction. It is noted that in
practical SERS acquisition, the wavelength-dependent correlation between the NP UV–
vis intensity and SERS enhancement is likely much more complicated than that revealed
in Figure 5.10. This is because realistic NP aggregates are highly polydispersed in which
the number of NPs and the interparticle spacing between adjacent NPs in the NP
aggregates likely vary significantly from one to another. Nonetheless, the simulated data
are consistent with the experimental observations that UV–vis intensity is a poor
predictor of the optimal SERS excitation wavelength. This observation is also consistent
with the literature reports by Brus and Schatz.40, 62
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Figure 5.10

(Top) Calculated UV–vis spectra of the AuNP (A1) monomer, (A2) dimer,
and (A3) trimer. (Middle and bottom) Correlations between the (blue bars)
UV–vis intensities and (red bars) SERS EFs for AuNP dimers (B1–B4) and
trimers (C1–C4), respectively.

Notes: The interparticle distance in the AuNP dimers and trimers varies from 0.5 to 2.0 nm.
Dashed lines in UV–vis spectra indicate the excitation laser wavelengths. NP gap sizes between
the neighboring NP are shown in the figure.
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The fact that 785 or 632 nm excitation can give the highest SERS EF for AuNPs
and AgNPs, respectively, does not mean that these excitations are the most desirable
excitation wavelengths in practical SERS applications. Indeed, the ultimate SERS
sensitivity is a combined function of a series of variables that include SERS EF, analyte
normal Raman activity, NP inner filter effect, instrument excitation laser power, photon
collection, and detector efficiency. All these parameters are excitation-wavelengthdependent. The optimal SERS excitation wavelength in terms of maximum SERS
sensitivity should be determined experimentally by comparing the signal-to-noise ratios
of the SERS spectra obtained with different laser wavelengths.
Conclusions
The wavelength-dependent correlations between UV–vis intensities and SERS
EFs of aggregated AgNPs and AuNPs have been investigated using two experimental
approaches and computational modeling. The first experimental method is to study the
time-resolved SERS EFs under three fixed excitation wavelengths (532, 632, and 785
nm), each as a function of NP aggregation states. The second approach is to compare
SERS EFs at these three excitation wavelengths for each of a series of protein stabilized
AuNP or AgNP aggregates. The time-resolved SERS EF has a strongly positive
correlation with the time-resolved UV–vis intensities at each of the excitation
wavelengths of 632 nm for the 30 nm AuNPs and 532, 632, and 785 nm for the 30 nm
AgNPs. These experimental results indicate that NP UV–vis intensity is an excellent
indicator for pinpointing the optimal NP aggregation state for achieving maximum SERS
EFs under these excitation wavelengths. However, the NP UV–vis intensity is not a
reliably predictor for the optimal SERS excitation wavelength. Therefore, optimization of
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colloidal NP based SERS acquisition in terms of its sensitivity and reproducibility can
only be achieved by quantitative comparison of the SERS activities of NP in various
aggregation states with available excitation wavelengths. The insights derived from this
work should be useful for enhancing the understanding of SERS variations and for
designing colloidal NP based SERS techniques with high SERS sensitivity and
reproducibility.

Notes: This work has been previously published: Ameer, F. S.; Zhou, Y.; Zou, S.; Zhang, D.
Wavelength-Dependent Correlations between Ultraviolet–Visible Intensities and Surface
Enhanced Raman Spectroscopic Enhancement Factors of Aggregated Gold and Silver
Nanoparticles. J. Phys. Chem. C 2014, 118, 22234-22242.
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